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Exp1sive I y t)r i vel Shock Tubes
20 AEISTPACT (1,11-e oil eerie ,,de It ti e ry ,,id iderlify by block n -ber)

- Aln cxperilnllL;ta 1ilVest igat ion Usilug sm l-scale models of the MX trelkc'h
was 'onductcd to study the tffects ot internal presstlr Oil tHie expan1SiOll all(]

venting of tle trench and on the pIUg/trench interaoLtin. 'The 1/26-scale
fiber-reinforced concrete trencth mode IS Were two dimlameters long for thie Cx-
pansion ond ve nt in) Lests and six diamnIeters long for the pl ilg/t r Inch rcsp Ilsc'

tcsts. The model, were buricd to scat ld depth . In-trench prlssret. ranging
from 400 psi (2.8 MPa) to 3600 psi (2/4.8 Ml'i) we r, gener;itCd ;111 1 iga

exp!osively drivcen shock tube. ,--4- .
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0.Abstract ( cont inued)

For the expanlsion andi Vent lug expeiment s, lligil-sieLd 11oV iL's show halt
several 1Cracks form in the trench wal I almost iimicliate lv ;If ter tile shock wave
arrives at thle test section. The expansionl of the trnclIh is cv1i indr i ca I Iv
svmnt rical I ut ii thle ra refac tion wave retUrns from the free so ii sutzic. T[ii

roo f t hen Move~s 0t a It aI grea2 ter veloc itx than thle lower portion of tilt' trench.
TV picaZI IV V vent lug to the atmosphere begins at a roof c rac k near the' c rown
when the LI uch roof has moved approximatelyv to thle level of the or i ginal so il
suirface. Once vent julg has begun the trench unzips from11 One end to the( other iI)
about thle same t ine as requ ired for thle shock wayve ref I Ct id f rom thle LInd 0I
the trenlch to travel thle Ilengtll Of tile test section. For thle trench aind si i
propertiles Used, it Was found that, for a given pressure, the roof 111 tion dt-
pends only onl tile densities of trench and soil and not onl their str.ig th)s;
however, the expansion of thle lower port ion of thle trench depends onl tile
st rengthl of thle soil . Trench st rengthl and I renll geometry wire fo(und to a Iff'ct
roof c rac king and iulitiat ion of ventinug. Also, with hi gher pressulre, ei'nt ing,
starts sooner and with less roof dlisplacement.

STrep lug! Irenc'i interact ion experiments we're perf ormed. F irst , a s imple.
4-inchI-long steel plug in a nour ibbed t rench wals tested to prov ide data onl
leakage and c rac k p ropagat ion pas t a stat ionary P lug. I1n thIiis eXpeCr 111lt'ft thew
port ion of the t rencli sur roundilug the p lug c rac ked and i'Xpandid , l)r0Vi' I ig aill
open path for tihe hi1gh pressure gas to tile hack of the p1lug. Second, two
simple plug models incorporating fea)tures of realistic pIIIgS Were tested. Thec
reat istic plugs are desi ;ned as two-section p)lugs Whose first section restr icts
aI port ion of the flow (fl leaky plutg )be fore' tile flow impinges onl a sect ion thazt
si'il 5 tilt trencht ("soli d plug "I. The simple pilug models Were designed to study
eackh sOC t iOn separatel1y . I t was found that a sol1id p1 ulg can Seal the t renchl at
at least 200 psi (1-.3 MPa ) incident pressu re , one-tiird the des ign l oad of 600
psi (4 M'1) , aind that a leaky p1lug couled to a so lid p lug could he des igned
to re~lllci' tile load on tile solid plug so that it can1 "Ceal tile trench
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SUMMIARY

\s pnrt of the DNA MX program, SRI Interntional] condu, ttd ,xperi-

mitlS tO eXlllline two effects: the expansion ind venting response 01 tLe1

MX trench to internal loading, and plug/trench interaction. The speci ic

objectives of the first experiments were to determine the trench expansion

dVnlmics and the time of venting for a range of pressure Cve Is, sol

properties, and trench properties and to provide data thait could be used

to val idate existing c1hleuational models for expansion and venting. The
specific objectives of the second experiments were to study plug/trench

interact ion using simple plug models, identifying key areas for further

study.

The approach was to perform several 1/26-scale experiments using

6-illch-diamet'r trench models a few diameters long. The pressure pulses

were ,,.enera ted with n exp losively driven shock tube by reflecting the

shuck from a ri01 id w11 at the end of the model trench test section.

lolds I roni tilLe shock tubc were calibrated using a rigid steel tube in

p I. Ice of thlie model trench. The shock tube and model trench a ssemblv

w ls telCd in a soil bill large,, enouhl to el iminate soil boundarV effects,

a1d sot I was packed around the model trench to a sea led depth. A Lucite

window, supported by a stecel frame, was used for the refleCtin.ug wa 11 so

that the trenII and soil responsc eould be pliotograplied from the end. One

high-speed novie ' camer;i photogralhed the end view through the luCitC

windo% and alnoth, r photogrlied tlie soil surface from the side. P L'ssU rL'

gages were m1ou1nted ill tie refle' cting wal I iand in the shock tulbe run-up

section to measure prtssurc' at hotl ends of the m1odel trenchI test sct fiol.

Force, ICel er;it ion, and stra in were meaC'I.Sllred ill the plug tests.

In-trench pressures ran from '400 to 3600 ps-i (2.8 to 24.8 MPi)

were obtained. I nit iAl tests were performed with simpl' e l;iv drain pipe

treLch models. h[l main series of expallnsion and venting tests and the

A more dti tiled dtescription of the o' nelustons is giVe'l ill Sect ioti 5.
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pin1,1/ treI-CCIIi 11nteLra IC t 0t1n tCS ts- C -L 1)r lt -I 10i-i11kd I IS inI Ist eL -f ihCr -reC I ifrc

ionc reLt L't t-e h model aC ad 110 L S I11lSo0 i I oh 1 t a i Ie I rotm-01 theW I l.\VI' I IOS I s. it L a'l

Luke Air FOrI-Ce Raage1, AIr i Z01 . The ( soi was lised ,I t rcpreLseita;It i\'L'

comlpac t joas and moI0i Sture1 coalt eaItS.

lLW L' Ix aI CX I oll 'Ia 11.ve in a teLS ts Csir I- erfokrmed. AI lne wit i It ILuseL

test-;s, some h Ic iCtaa I Vses were-L eI- toI rmed to Vert if the L conIs is S ti (1V 0I

the I dta. I IlIi V idiu~i I reCsponIse I ea tutireS Were- t rea- Ited sepax t-I e Iv - t lIm t i

inl ea;chI ana I VS is ceLrt i daILi ~'lL k we1. i 11ed as iptland taolk t her par)t t he Ik

uspoIlCe tas I C Ii Id TheI repos Ietuie I -k I, I vIe were:I%1 IL

I-C) 1 Trnc i-ooIf LI i Sp1 I aCemenL'1 t,, cicl 1.i ted I rem0 t Ile pr) sur
meL;ISII reLd aIt th reL'I'fle C t in 1 a 1I1I

(2 1 -CIk'IIL frenc epnio at1 te I 'sI- agI ilnes, an Id inI Vert-t Cii cI Cli cte-d

fI- reM t lie' P) 1-e'S';I I I I c re me s r d alt ti11e recf 1 c ct lag I wal I1

3) ( I ibra t ion pressire at the( I-e f I cc t ila" Wa1 I I cal cI it I at eI

from theC p~ressu,;Lre meIasured- ill tie -ih-p setionl Of tlie'

sho c k t

X(I) l xpans ion anld venlt ilag i teCSt pressure-L alt t ILe reLf Ilect ic wall%;II

cal I Li t te2i 1 1-0111 theC C0IoL-respeilL ilh ag cl Ii 1)rIat i eii ) -L' , pr ir L
and1 ( te e aso data.1 11011I;I

Flie Scale mode Iexper imenlts and hI iL,1S ic ma 11, 1YS Sho 10Wed thet 11 f1 10% i 11ui

genera~lI l etures of10 t ie' Lxp)iiuS i On aiil ven1t ig re' ILspon1se ofI the MX tren01ch

to ilt cl-na I pts re to k 1cL i 11d lL'I d I I IL It 01 1Oaikl i 11. COMO t rx' an IIIMa It t.,r i a I

fepeI- t I It' to ' ti rang of var' i a1 hi t ad i cL'

I) Sevra loaII n Ii taud i imi I crac k.s i er i-Ii a ci ium erIcuu II 1-LIt Li IIV
sVmme1trF ic' Lil S t Ii Ihiut ion'l iii theIt t reuc1 Wi I I a motl'eIi il

tri ti a ri-i1W I' I ,) li sIe V ae ( gi e )2

(2) li exp' ioil oI theIL t reic in1 to t lie- so i I i s cxl. i ald i i a. I Ilv
SVmpITLt Iic Cunl th ru-c a' '1C t io 0 ave WI e'-tiii t (1 tea;I " )7 thelk I i-Cc

SO\i tel ,1 -ti svmt I t lit t e pI ii Pls I li k Io'0 I Fix',11

AiI tL' I- tsa u esl ot;11W t I- i th I er II ' l a I C I t i o Ii ii I c

o r. ie m l I, IL s e t 0 1~ 1k i 1e t Ilk i -iC I I t i ii WS ci is l I so t t1

a hov t1l0 c i-o1i 1en ti u i t I I I Mu, Cl 1 1- r i c Iw IIa
bopvii t loi t i eO 1 11t Il c il it wIteol spi Iilm I .it aid I I oI Ili

CX .I l, is ol t n Iprk' t e I" l ' ov1s It t11 1 -i I I lire 1 10 ' ol

------------------------ ------ -. 1-----------------



(4) Vent ing bog ins- at theo root1 crack arOZ1LSt. th ltCriown1,
whenl the trench roof has moved to lbotit Lite I eve
0 f t he Or ig0in1.1a S I so1l sr f LCV IIn case-s whtere tilt'
root d id 1o0 Crack'11, IIo VO'ent in 11,waIS obse;rve'd
(Figu'Lrc 55).

(5) \en t in 11 ovn1 At late tiies *occur-S onil\ dit r c I

above'L the roof. 10h so 0 11011I mound up I- Ser too 0 lC)
fo rm L4 a I 1171', openI lu fo'it0r venIt inl bitt Lilt' SU r tcc

is not brokeni anyVWherL'e eSe C FiguIre Cb)

(0) Once venlt ingbein (nea';r the reflecct tug, w, I) , t ho
soilI stir ace unz i ps, a long t he I oilgt Ii o0f thelk t renlch
at aboutL the same1 rate as the' propaaIt in o f theII

reCf I CCt Cd shIock Wave (. F i pue57)

he fo I l OW i up' o f t'CC t. C oF prCSStU r C I eve I SO i ropeOr t 'S , A id t 1-01111)

stMnt i ad 'eOmoIt rV Were' deterine~d Iter the rangoL Il VA r ab)es stud i Cd

I ) Ii Lher prCSSItreC cauLses veningi ill to I)occti r S50011cr anld
w i tit leCSS roo0f It ispI t kem0111t . A\ I SO , more I- eClh

i-i 1 11 t C Cj~ LI J-. at I i phe F 1p nesi il IroS l 'I r es S

~) SO i I S t r 01n't ItI, WIt i CI I is ,- rL ;Itc to so L 0S compak t ol
v,11ni f icanlt I, lv I1 t cc ts t lie e0)n ono h tnnl

metI o of th ro feenspr i mar CS I. For so i.V1 jr-Ir' diensit

thle moi0sture cen oni 'lt of1 th li'SO i I is noIl)t t litigh "1 t t o
hlave' l a t effect Onl vent ig V cur

3) I) i f feor nces i 11 t rencht st reit It ad !,CtLit rV ha;ve' on]I V

;I smll efeCCCt onl tret1C11Lt- xp;tn ion11, bult al S i f iCJn1t

efet n tr enchI c racIk.kin a)Ind i Ililt iat ionl of vent jg

lItrot'C pi /t relichi i litcerac t ionl teL-,t SWee pe 1 0rformed101 . He t i r st

t kst, pert- o rilld With1 a simle1 '- ilth-ln I Stoo 001 iii'. in a1 nou111 ibbekd

Pt t , I ttci r -v tde Ili I t CrLLI I I da, 1t e Ln S etkS11Wt-I t and crc t tga)0t ion'l

t l Y tltlt t I I t rest ()l t Lt) t rtc l, pn1)ro k iii .11 1 optil p}1 1 t ii ro I lic

ih ilt,1 prtkstt'l r tS toI t lit, bat1'ck o'I t lit 1 1 ant S11ggtt l 1 t itt iliipo rttIlI'c

Ot IOnti tIld 11:1 1'lItrtI i II o t t he trtcli w'a I I



The second and third p lug tests examined the conceIpt of A lieaky

plug that allows blo,'-bv, located upstream of a solid plug thaL seals

the trench. The idea behind this concept is that the I)ea ky pJ Ig r-f] cc s

a port ion of the air shock, thereby lowering the load on the sol id plig.

Our approach was to test a simple leaky plug and a simple sol id pig

separately. The results of the test of the solid p1 ug showed that I

solid p lug can seal the trench for a load of 200 psi (1.3 MPa ) inc ident

pressure, or one-third the design load . The resu I t s of the t Ls t Wi t h 1

SLeaky pJlug suggested that a leaky plug connected to a so 1 id plug us in

a load-limiting, energy-absorbing matcrin could he deisigued to St.all the

trench at the 600-psi (4-MPa) design load.

4
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to metri, IS 1) 1tit-; of 72;l Sit rt.'111011 t

To Con'ert Fromi To Multipl% '

angstrom meters (ml 1 10010 000n x E -i0

atmosphere (normall kilo pascal (kPal 1 013 25 X E 2

bar kilo pascal (kPal 1 000 000 X E 2

barn meter -m 
2  

1 000 OU X F -2,

British thermal unit ithermochemical) ioule (J) 1.054 :150 X E ,3

calorie ithermochemical) joule ) 4 1.4 000

cal (thermochemical) cmy mega joule'm
2 

1',1i112 4. 1 ,t 000 X E -2

curie -giga becquerel 1GB1q) 3 711 00)r X E -1

degree kangle) radian (rad) 1. 45 :129 X E -2

degree Fahrenheit degree kelvin tK) t Wt f 459 (71 1

electron volt joule (W 61102 19 X E -19

erg joule Id) 1.000 000 X F -7

erg second watt (W) 1. 000 000 X E -7

fot meter (m) 3 I4. 000 X -1

foot -pound -force joule IW 1. . 5,5 ,l

gallon 'I S liquid, meter
3 
(m

3  
.1 7N: 412 X F -3

inch meter 1n) 2 540I O000 X F -2

]erk joule i) I l,1 10 0 N F 5

joule 1kdlogram I0 "*q, iradlation dose
absorbed) Gray (GO,) I t)()) 1100

kilotons terai oules 4 I $3

kip I1110 Ibf) newton IN) 4 44S 222 X F

kip inh (ksil kilo pa.:scal (kPai 1; '41 757 X E :1

ktap newton -second m-

(N-s mol
2  

1 000 000 X E -2

m icron meter (nil I ),)(I i N, -,;

mil meter (lo 2 540 )0o X E -5

mile (wternational meter (m) I 609 344 X F - :1

oun, kilogram kg) 2. S134 952 X F -2

pund-f,,rve lbs al i olulpo) newton (N) 4 44, 222

pound-force inch newton-meter (N-mI 1. 129 14- X E -1

pound-torvt In'h newton meter IN nil 1 751 2,;, N F - 2

pound -force /foot kilo pascal (kPaI 4. 7 02, X E -2

pound-force inch- tpso kilo paseal (kPal 6i 9.1- 757

pound-mass librm a% irdlpoisl) kilogram tkgi 4 51. 921 X E I

pound -mlass -foot I MOnllt 1f Ine"'t;l) kilogram-meter
Ikg-m2) 4 211 11 N F -2

pound-mass fotil kloigram meter1
1kg m:) 1 61)) 5411 N F .

rad (radiation dose absorbedil ; raN 1t;I l 000 IW)O N F -2

roentgen coulomb 'kilog ram
wt" k) 2 57)) 710 X F -4

shake svloin Is) I 1)o \10 N I -

slug kilogram (kg) 1 45) 390 X F .1

tore ln t g. 0 ('1 kilo pascal (kPal) 1 331 22 X : - I

*t'l'hi beciuerel 1 1 is t.he, St unIt if radioactiit.; I I~q 1 event s
*The ((rav I(;v is the Sli unit of absorbled radiation.
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I . I NTROIJUC'' ION

T[he MN\ trenchI c onc ept is a mob i Iv miss ii I ucI fa ICi I it vSte Orid

in a long buriud conc rete trench. As part ofthe D)NA MX porm*SKI

InternationalI ( tormeri\' Stanford Resca rib InSt iltUti') 'ondLUC tid I I -vVa r

experimental study' Of expanlSion and ventlug re-sponse.;L anld 0f 1 I):2/ trncu

interac ticin for the MN\ trench under Internal] load Jug l,. The t hr c 'L' T in

objectives of the prograim were to

* Determine the trenchI expanusion dvyuan ics and t ime
of venting for an appropriate rainge of pressure
histories, structural prope.rtie's, anld Soil
properties.4

P Prov idec d ata t.o valI id at e .ux is t in -,C Ia l 11a1t iona1;
models for expansion and vent inc- t or ain aippropriate
range of pressure histories and sc-i I properties.

* Study the phenomenology of plug 2/trench interact ion
using simple plug models.

Our approach was to per form 1 /26-s.ca11 ,' experiments usinu 6-inch-

diameter t renc'h modeLCs . The ex,,pansion aind ventilug tests were c onduc ted

With trench m1ode Is two- d jameters long. 'the plug/trench interact ion tests

were-CI codctLed W ith1 treni'h 11ode0I I ,-S six( iiateILrs long !. I (It Cr na I I)ri'ssu reL

was applied-C by ani1plosiv1 driven shock tube. The. response wais phnoto-

graiphed With two h iVlII-spieLLd caersonC Vingll thi' end Of the trechII

throu~gh A Lln'iti' windo1w and on11C w u theL soil S'urtA' ace 1r1 thiI' side.

I nternalI p ressu rcL was IIIea S red a t;Itc en1 . d o f Ithe ti'S t seck't ion . I n

aIddition, for the p lug/ trench inur;' t ioni Ltts, "ICCeIlraion il forci'

we2re measured in the plug, pressure was- measqured on the lugI ac' , ;Ind

straini was meaistired in te couc rete trench.

Loads from the explosively driven shock Itube weri'c ci bhrail usu

a rig id s;tee(l tithe(. (allo iwing no ex.-pansion or vcnil lug) in pkik ace OW h

milelc t rench I l I Ii' t i rst C'>:anusion a nd viu t iugc Lt;ts wv'rc pet rfIormed wit Iii



s imp I ( no nroin forc ed) t'I ay d rain p i ptc t renc I I modeIs. I I ore, thIui ohj te ivtvs

were ma inlv to test and refine inst rumen tat ion, ii mprOv e hairdware, aind oh-

Lain hounds onl trench response. 'The ma in series Of expansion and vetnt i n,

exper imen ts and the 1 ug/ trenchI interaL't ionl expoir i monts were. pc' r I o r:':edl

uIS il nf fiber-re info rkCd cont' rete trenCh IMode tiS and soilI ohb ta i fled f roei tht

HAVE HiOST site onl the Luke Air Force Range (Arizona) . flu 5 so i 1 waS"

Used a~t a represenltative comIpaIct ion and1 meistuirlcntnt

Sc('t ion 2) Of thIIi S rope)r t d escr ihe-S the I eaid s i m I a ;t ion I)I]et hIod fItOr

the expanIsion anld ven1t" tests1, inlutd in the shock tnht1L expeLrimental

assembly and the load cail ihraion teL'Sts. Anl aCCOun1t Of theo :"I I epni on

and ve~nt inn expor ineLs~' wi tht day and f iher-reinforced concrete t renco'i

models is p resen ted in Sec tion 3, a ieng withi a hrie0f compa risen Of Our

SIIa 1 I-,cle test daZ ta IWithI data f rom t Iec Ai r FocrcoL 1eapon lahI.eIbra I ory,

(AFIT) 1 /2-scale HAVE HOSI'Tes Sv-I 4 eLin presentS s0soe asi

11aa-l vS'S Oft treknch dynamics and pressure lustoe 105 nd comptltrt's tie>,

Mlna I \ticl resnuIts with thek experimental da~ltaI. Sec1't io Oi d'CI Scs

our tone IUinions, hased on the experimental and anal vt i ca I r es"I I I t 0...

the exKpansion and veniting tests. Section 6 descriO ihes 1111' t i -( rlkc11

interaict ion exp~eriments.

Appen'Idix A lists Al the tests performed and the pert imnnt prs r

of oath. Append ix H) lists the d isIpIaCemlent dataL~ for tihe cr-ownl, inIvet

.ind spr ing lines of the tren"t'lit and Of the soil st;Irl fact' for1 t I1C C:KptnS(ion

and, ven in es t s. Apnix C de(sc r ihes thet f-;ihr iCatL ioil ofI the 'ct

mode I k-s

16



2 LoAI) S IMUl Al'iON ME'l'iiol) FOR IEXPANS ION AND VENT ING TSS

Alt exp I os ive 1v d Ir iven shI oc k ti b L W: S USOCI'( to Sill) II IIt C th I jfCil *tri'III'i

pro-SSUri' h iStOrV. Th'e exper imonta~ I aissemblyv used I or the I oald L'cl Ii brait i on

a11d tii he CXpans-ionl and Vent in 11,OXpI)r jinIts- was dces igned uinder aI pi'ev il is

cont i',c t (DlNAO() -7 6-C,-tN 3) . Undeor tile curren t con trac t (DINA00 1 - 77-C-02 12)

We fabriCaited tile e'xper imental a ssembl y and desiglned and buLIiIL a so i I bin

for mlout ing the zssemb lv. The -soil I in and assoob ly wer' set upl at Slxl's

CoIralo1 10o1W Ix\pcr itiinta 1 Site (Cii KS) nea r Jra c y , Cal iforni

2 . L KX IR I MIKNIAi ASSIEMO LY

A s shown in Fi,4u rc 1 , Lihe shoc k tube ai ssemb I\' wi t b r jcg id Lost

SirC t io0n1 tiZta L allowed( no expans ion or venting was used for load call i-

brai ol tests. Pressure pu ilseo in tle 4100 to 2600 psi ranize were CIzeIr--

fltOe by re'flecting~ tile shock from the rigid wail ait the end of theL test
sec t ion . The sliorI kthewi l'sin'dotat reOf I C t id ra re fi LC ionwa '

f rom the end of thle exl'IOS iv dO(Iri ver woulId not reach thle t es t 'ert i on

dIU r ing, thle t i me o f ini terCiS t . Pi' f erenr I CIi esr r ibes til e t iierOVOf C X-

p1 os ivel Iv drivenI shorck tubehis usedL' to i'stLima ;to thle maglniIlxie and1( ciu ra;t ion

of the p ressuire prodUr i'd in tihe Le'st SOi'c onl

Te aIs semllbv shown inl Figure, I kClti t d a r-ound ai 1 2-foot-long steil

tube)L (0 iniiti0S 11), 9 0nhs(1)) Used I)-'VjiIISlv by SRI as- An ixp\jloSivi'lV

dir ivonl shiock t ho . A 31)- mr hi-i otiiz steel tube Wi ith tile sam111' diI a'('t

(6 inrAItis 11), 9 inc(ite's 01)) waIs A S as ruin-tip si-cion. A 12- inch-I onuc
CC' I Lis Ior io ea roae tiLio tt rn -tip1 socct i on and Iii te rcI i i

enil wa I I . A gaske t was f i t Liii he-tWCi' Liihe 12-t1oo)t StOol tub an- lId t hei

10i- inc h- l ong rn-up set ioil to [ so lateL the pressurei gages 01r1o Lili' t Uiu'

r inc inc- iniiic'id by tile' i'xp los [Vi'. 'Il' o0elut in i'exp1)o-,r im c Itt;II 1 ) 1m v w, ts

;InchioreCd inl aI 16-foot - longW sit i I b)in, 3 fee(t iih by -4 fiet wi cl'.

I17
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Tit' 12- o10 t- I ltni tu) wa s lo id I row. t ht nd aw:V I 1-o! t II tL L t

Scc L \ oi l Wit11 strands of Piri ntiacord, a 'onvt't.n lint 0L i i t,:.:p i.siv I r:'t i

o lt  1F' X t p los i' . On dI-O at i ll, 11 1 in I s ot't k iS ,'t't'i 1'd i ' (ltt'.

l his Iir lhock propa itcs LI hrouh t I' t-ll-p and tist S (t'iCns. i 'hn

it rLf I cCtS Irota 01C r i, id wa Il at thI C d oI tIIt' t CiSt Sc tion, t in' r-

I CC t'd plrisurI'L' il Ll';IsoCS 0 to 8 t i nt's ti le i aiLII shoctk pr csli ri.

l)vuam ic I)rossuro was it.oasurtid i th, I-f lc t in,: nal l, in1 t ho tt

SoC t jt on1, 1ad in1 ti t' rUn-tip scc Lion tISing l, PC 1tpittr pros, ' zt. ransdn;Sh'tI trs

Iodol 1C I A t) . hi' -Lcai's won' locatid als 1hown in i r',L' t alnd I i.t d
[in 'lah ' I . Theto pri'ssun ros rol' istorotd b\' tit, ,,.: ii's worot''t ri'tcoridtl- tnl

Isc i I -Lscopss snL o, I mat,10 Otot Ic" tapoCd01

2 I O.\II ) k2.-I; 1 RAT Oil N'l T SITS

A Stutar' slock w vo' atltd I logic dtir t il L hat Won lI d I),' lI ,Iti

lt'SpI' ' t tt0 Iko ' LIto ' pIOIts L' t ItI' to'r Lt Ic I L odC I tI'nl c CIW t' don L'_, i Id-L . It, t k

\a;irious Pr iniacord d istrbtition ad llt tIts to dotorlllillt' A sti t1b c con -

i iura Ltion. M inv sma I I-cr st rands of Pr iIacord , tin i for: V d i t ri hut tI

ill LiiL' dL i t - sV t'CI L in, 11 vc C 1 ) Cttcr 1 L' I It1-, pi2 1 1SC titan t i'l t L 't Ircd 1ot p

of St ILt ids. t Cl I CIIi t o I S it'os' Ls s Ita idrd ' for :1l L'sts t Collt i .r. ,i t ioll

t I .i , .;Itt , t ri ds of Pr i IcIr(to d, o t' strand-,'l doI t iii ci1kntir of tl I lht.

alld sv , L s IpI atit'd ,Vt, lI V l r-ount d ai 4- i iIh-d lia tiLt - c iI-rIC . T'li t'C P- i 1o'd

st r;nis l twe rt, IIC in pi a tC' wit 11 cirdboard sp;ic C Cs attd : iccnt rI sL t1I

1-td and I wIrl o d Itonlto'd si Itt I t;inooislIv f-O t iit cu d wayI II f t' tit' tt

St Ct iti. 11 Pr ilmla c ' t I tl ti ' 1 1 1 fooCtt Was I Itld Lt L ilt' Ildt'tlI tat'

Id it rIt itn

i" -lrCS' 2 tl-ti..'lt 1 show tit' t r' o I-(I S f-i0111ti IVt' lOtId 'AIi-

brat ion tists L S ;Lt,. ts 12, I 'i, 1 4 , 2( Id 20) . T iwe t (1 L i i f iti'd I)Y
t Ilk, i it i i I t ki ll o d It t llIm t itll o I thet (' x l o~sivet. Tihet' [lip\' I- tCt' 1- 11 'd s i 'lI Is

wCorL' t 1Cctrt tii' 1 li v ti iz t Zhi, o Iak tctI pl,ts alnd tin plot s Ir tW

tiLXpanIS iOll llti Vt'nt inn1 tLists (St\t ionl i). A stantlrid f toltIll,t Was I id I tt il1

I'rniuiiCCd y Lh' I nsi i,,-BI',l'kItolt (1o., S itIt -b C n , ( c ' t't l ut
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PI-K t U rAI C (A N

t ion

P1 At ref tLt in Iall , 1 -25 inches above tube center I inc

P" At reflecting W.11 1, 1. 25 inches below tube cnter 1in .

P3 In test sect ion, 4 incIhes from rflect in, wnal I

P4 In test stcCt iOl, 8 illcleCs rl-o:1 r-Let icc L incw wa I 1

PS In run-up section, 15.5 inches from retlcc ting ,- ll

P6 In run-up section, 15.5 inc s (-rom re f Ie t cti w,- l I I

and 180' from P5

P7 In run-up sekt ion 38. 5 inches from re flect in', w a 1

Used for I oad cal i bration test only

L Lscd for Tests 15, 17. 18, 19, 20, 21, 22, and 23 olI
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FIGURE 2 PRESSURE RECORDS FROM LOAD CALIBRATION TEST 12

Explosive charge 400 gr/ft
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FIGURE 2 PRESSURE RECORDS FROM LOAD CALIBRATION TEST 12 (Concluded)
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FIGURE 3 PRESSURE RECORDS FROM LOAD CALIBRATION TEST 13

Explosive charge 800 gr/ft

23

C -
,-. ... ., , .. . . ... ,,.."FIl ll ', .. . .. :.. . "," . 'a i "... . ." ... - -



2000 20001

1500 1500 .

w _u

cc 1000 Cr 1000......

w 500 tw . . . . L 500 . . . . . . . . . . .

00
1.0 2.0 3.0 4.0 5.0 1.0 2.0 3.0 4.0 5.0

TIME - sTIME -ms

(a) P3 (4 in. FROM REFLECTING WALL) (b) P4 (8Sin. FROM REFLECTING WALL
MA-6307-21

FIGURE 3 PRESSURE RECORDS FROM LOAD CALIBRATION TEST 13 (Concluded)
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FIGURE 4 PRESSURE RECORDS FROM LOAD CALIBRATION TEST 14

Explosive charge 1200 gr/ft
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FIGURE 4 PRESSURE RECORDS FROM LOAD CALIBRATION TEST 14 (Concluded)
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FIGURE 5 PRESSURE RECORDS FROM LOAD CALIBRATION TEST 23

Explosive charge 1600 gr/ft
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FIGURE 5 PRESSURE RECORDS FROM LOAD CALIBRATION TEST 23 (Concluded)
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FIGURE 6 PRESSURE RECORDS FROM LOAD CALIBRATION TEST 26 (Concluded)
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the figures. In cases where a particular gage was not used in a test, the

blank space is marked "no gage." In cases where the digitized records

were not available due to electronic difficul1ties, the blank space is

marked "not available." I n most of these cases, osc 111 OscopU records are

availabte, but were not included in this report.

In Test 12 we used eight strands of 50 grain-per-foot (gr/ft)

Primacord in the driver, giving a nominal reflected pressure of 700 psi.

In Test 13, we used eight strands of 100 gr/ft, giving a nominal reflected

pressure of ilO0 psi. In Test 14, we used eight strands of 150 gr/ft,

giving a nominal reflected pressure of 2100 psi. In Test 23, we used

sixteen strands of 100 gr/ft, giving a nominal reflected pressure of

2600 psi. The sixteen strands were arranged in pairs, in a configuration

similar to the eight singles, with two pairs down the center of the tube

and seven pairs spaced evenly around a 4-inch-diameter circle. Al though

we might have obtained a cleaner pressure pulse by further refining the

Primacord arrangement, we decided that at this stage more could be gained

by proceeding with the expansion and venting experiments.

The Primacord loading densities given in this report are nominal

values. The Primacord manufacturer indicated that nominal and actual

loading densities could vary up to 10. Careful laboratory measurements

were performed on tile Primacord used to determine the actual loading

densities of PF.TN and of the plastic cover. Table 2 gives the results

of these measurelents.
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Table 2

ACTUAL PR I ,MACORI) LOAD I N(; DENS I TI ES

Nominal Loading Load in
Load ing Density Density
Densitv of PETN of Cover
(gr/ft) (gr/ft) (gr/ft)

50 47 5

100 92 61

]50 136 66

I grain (gr) 0.0648 gram
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3. EXPANSION AND VENTING EXPERIMINTS

Several smal -scale experiments were performed to determine the

trenclh expansion dynamics and the time of venting for an appropriate

range of pressure histories, structural properties, and soil properties.

.I EXPI-RIMENTAL ASSI IMBLY

The sketch in Figure 7 shows the expansion and venting experimental

assembly. The 12-foot-long explosively driven shock tube and tile

30-inch-long run-up section are the safme as used for the load calibration

tests. For the expansion and venting tests, we used a 12-inch-long,

6-inch-ID model trench as the test section. The assemblv was placed in

a soil bin that provided two feet of soil to each side and below the

model trench to eliminate soil boundary effects. For the refiecting wall,

we used a 2-inch-thick Iucite view window, supported by a steel frame, so

that we could photograph the response of the trench from the end.

Pressure ges Pl, P2, P5, P6, and 1P7, were installed in the re-

ft oct ing wal I Iand in the run-up section. The pressure age locations

are the same as indicated in Figure 1 and Table I (Section 2.1) . Pressure

ga es Pl and P,4, in the test section, were not used for the expansion and

venting tests. The pressure readings were recorded on oscdlioscopes and

latgnetic tape.

'{he res pon so was photogriphed with two hi gh-spoed (ilycam) camllera.

One viewed the end of the trench through the, Lncite window, the other

viewed the soil surface from the side. A photograph of the sot up is

shown in Figure 8.

[he soil was packed around the trench model mnna lIV, and samples

were taken to measture tile soil densitv and melsture content . A thin

layer of dolomite, usuallV about l/4-inchl-thi'k, was spre.ld over tht soiH

to provide a white surface for the high-spt,'d phlotocrlv. Til' sOil
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surface was marked with a grid consist lug of 1/ -4-inch-wide 1)1;1k lines,

inches center to center, running parallel and perpendicular to the

trench axis. These grid lines provide contours for determining slirIace

miKo t i on.

In most of the tests, we used six photo pins to dVtermine the reef

displacement at the, crown. These pins were located 1, 3, 5, 7, 9, and

ii inches back from the reflecting wall. When three photo pins were

used, they were located 3, 6, and 9 inches back from the reflecting

wall (Test 30). The pins rested on the trench roof and protruded throu,h

tile soil surface. Fach pin was striped with i 3/4-inch w'. ite and I /4-inch

black pattern. At the top of each pin, a nut from a large bolt was sup-

ported by a thin tI pe that covered the hole in the nut and rested on the

point of the pin. As each pin accelerated upward it ptunctured the tape.,

and the nut tIlell went into free fall, providing a "fixed" reference

point during the few milliseconds of test time.

. 2 PREI IMINARY TIFSTS WITH CLAY TRENCH MODELS

Five expansion and venting tests were performed using c lay trench

models (Appendix A) summarizes the tests). The primary objectives of

these tests were to refine the instrumentation, improve the h:rdware,

and obtain approximate bounds on trench response. Data from ti rete o1

thse tests (Tests 11, 15, and 16) are included in this sec tion. Tilt,

expansion data are tabulated in Appendix 1E.

Figure 9 shows a 12-inch-lon- clav drain pipe that was used as a

aodel for the trncih. TIhe c lay trench model had a 6-inch IP and a 1-inch

wa I IL thickness . Two long,,itudinal 0.9-inch-deep saw cuts offset 90 d egrees

fromr eci l Other arid two transv'rse 0.9-inch-dcp sal, cuts at the' third

po ilits were used to separate thc roof blocks. TlhU clay had a density of

120 lb/ft'.
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Test II

Test 11 was conducted at a nominal reflected pressure of 700 psi.

Dry Monterey sand was packed around the trench model to a cover depth

of 2.0 inches. Another 0.5 inch of dolomite was added, giving a total

cover depth of 2.5 inches. The density of the Monterey sand was

99 lb/ft ; the density of the dolomite was 100 lb/ft.

The digitized pressure records for Test 11 are plotted in Figure 10.

Time t = 0 is the time when detonation begins. The corresponding load

calibration pressure records from Test 12 were shown in Figure 2. A com-

parison of the records from pressure gage P1 at the reflecting wall for

Tests 11 and 12 shows that the pressures are the same for the first

0.40 ms after shock arrival. For Test 11 there is a gradual decay in

the pressure at the wall after the first 0.40 ms (compared with the load

calibration test) resulting from expansion of the clay trench.

Figures 11 and 12 show representative frames from the Hycam films

for Test 11. In the end view, the film speed was 9,990 frames per

second. In the side view, the film speed was 9,610 frames per second.

Eleven 1000-watt PAR64 quartz-iodide sealed-beam lights were used to

supply illumination. In the end view, the light layer at the soil

surface is the dolomite. In the side view, the reflecting wall is on

the right.

The shock arrived at the reflecting wall at t = 1.80 ms. The

first cracks in the model trench are seen at t = 2.10 ms( Figure 11).

In addition to the two saw cuts that separate the roof, four cracks in

the model trench can he seen in the end view. No trench-to-surface

venting was observed, even when the trench roof had lifted above the

original ground surface.
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REFLECTING WALL) REFLECTING WALL)

NO GAGE

(e) P7 (38.5 in. FROM REFLECTING WALL) MA-6307-43

FIGURE 10 PRESSURE RECORDS FROM EXPANSION AND VENTING TEST 11

Explosive charge 400 gr/ft
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Test 15

Test 15 was also conducted for a nominal reflected pressure of

700 psi. Soil from the HAVE HOST site waw used instead of the Montere%

sand used for Test 11. The soil was compacted to a measured density of

li8 lb/ft', at a moisture content of 3.9/2. Again, the trench was

covered with 2.5 inches of soil.

The digitized pressure records ;are plotted in Figure 13. Test

12 is the correspond lug oad ca lib r tion test (Figure 2)

The flashbulbs did not trig.ver daring this test, bIMt the hi-h

tempCra tore of the in-trv, nl iscs provided enough ligh t to vield soimet

expansion data. The trench roof sections did not crack, and only three

longitudinal cracks formed in the lowoer portion of the trench. No

venting was observed. 1

Figure 14 shows the recovered trench fra,-,ments from Test 13. In

this test, As in Test 11, the trunch roof fiiled onlv aloii : the prc. a

saw lines. The roof sections were 10t0nd within a l()0-foot radins ol t i

test setup. The lower portion of the tre.m'h fc;tlrl d ilnto d)Ollt -f

dozen maijor piuce, s and a tc.,, s l IL r Ira ,i.ot ..
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FIGURE 14 TRENCH FRAGMENTS RECOVERED FROM TEST 15
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An1o t hr importInt reisu I t in T'-;t 16 wAs tlhL' rlais remcnL of0- the

speed of the pressure, wavU in the soil . ThI cy I nd riCa I wave front is

ci[early distingoislIb It. in tl, Ii rst two frames of Figuru 16. In the

complete fio 1m, a seque'e of five 1-ramos shows tlhat the wave front movod

aIt A cOIlStaII speed fromii the roof to the soil sorl-kace. "ihU spUed ':il'tIl-

kited from the movie data is 465 ft/s 5 It/s.

[he f-ractured trench showed that the trench roof not only li od

a long the precut saw lines , bUt each roof section crackid into ma nv

sma1 p ieces. Four small sections of roof constituting less till tmi0-

third of the total roof were found within a 300-foot radluls of the test

setu p. The remainder of the roof- was not found . We ostirlimatu t hat the

tronch fractured into approximately thirty smal I piecu .
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FIGURE 15 PRESSURE RECORDS FROM EXPANSION ANn VENTING TEST 16

Explosive charge 1200 gr/ft.
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3. 3 JTSTS kW t1111 F IB ER-R I I NFORCEDI IR I INC MODELS

S kx c-)'posiion and vent ing, tests WOrtI) pir formicd i wth f I I)cr-rei nforc d

1 cL.' Lte tCC'nC11H 1 odelIS to S t I d\V 1)C-,1) , 11'si iOil cll iiCe I and v C'n1t i 11g

pic'nom~ena for a rani' of pressure hi stOr iCs ith t~jpico 1ki 5011 k adC01n-

c rt'LC propeL rt 10. lhe concret tLen' mo'l 111de CIs , diCuse 1c o, Is-

tai'arc a t 1-1It S RI. Sol i Crom the JIAX). HOST teLstL sit wa use inW1

thei t cs L s . Thcepn ion da taoare tahbuIoated in Appen-ld i:

ihe-r- Re infoC rc' ed C0iiC' re t(- eIeneh M!ode&

Vile Ai r Fe eck. We(apons Laiboratorv ( AFt\1.) pCo\'id ed e:ia

enurrent hial -seale eAW models, from wh ie c dimlenlsions for lie i I:e 11

model truneli were determined. Te'sts 17, 18, 19, 20, and 22, .cr,> -cr-

formed using 6-iich-I 1), 12-inch-long trench m odel1s za hrici ' It0

interna I ribs and having a wall thickness cof 0 . 75 inch (saI ci: I r,):: tic.

AFRI. Model s h~v smearing out the r ibs) . For thleSe trechII model L %, to

I onlg i tUci Ino 1 0) . 50- Inchleep saw cuit s of f set I 10 clogrees f ro:: eae hi ( t iei'

I l t wc t ranis ve rsec 0 . 5 0- LcI ih-d L,,,) -;aiw cu1t s a)t tile th li Ccd po I lit wereL 1i 5e0Cl

t o sepaimrate L t he r oof hi 1o ck s. A typ1)i cali trench model is shown Ii Fientre I5

A1 s Inc, I e teiesit (los t 31)) wa'.S pLr formc1 on ai 6-inc'h-d iaimet cr 12- incth-

I ong, , Lti in-wal I I ccl r 1 hhecl t rechII. The1 tli in wal I 0- inc, 11 wa~ I I , fn1 I I-scaleI)

is an l terna tive desigon from thle hoiselI inc MX trench design (1I7-inch iw'a I I

flit -ele I'lie ribh d imensioens were sea I ec froml thle fill 1-size M t renliC

ci'-g The trench wall thiic kness was (0.375 inch6 and tile ribh lie iglit

Was 10.25 inchi. The rib6 spacing was 2.31 inch, the rih width wais 0.77 ait

tile inner rald inls, and the rib foe em hai n 18-degree cant . The root- w~as

sepo noted wi t it . impl Ic long itd till0 S50W -i' S spC cd 1(10 (IL'egres aipart.

The fenrin k? U ised for tile f iher-re inf orce c concrete, wass 'imi 1iar to

tlit used h"' AFWI. fo01 13 -i nei-cIiameitc'r mo1de I S. Ii IkS t cc(' I t i he rs, lare

S.5 StL-e IF i hcrcon , (1.1(1 Ic' 6 1i ci ad1.isCt CI incl 0). inc 1 01 I L' Vhe

rcL'p1resc ti t 11ho)t i t I . ofI tli-c',onCrc't C Mi ix V- bWeL i g,,u It (0. I V VOI) 1111ime)

A iVpeL I I I si'iint was use(d to givv' I i-d ; Iv ci t I ' t 115M c 1 iiw t CcL'IlCi'S5

WeLre p)t)n ricd i iinid'r v;a1c i iii m t o ilIiii I i z ce I hic iin c ) t o f 1 r ]iih1 c's in t ie

t i rc I II wI I I s .
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k~llnnronf injd compression Lists (ASIM! C 39-0Y+) and1 fivc s;pi 1t-

L' V il LIU I t LIns iOn Lists (A STI C>490~-7 1 ) Wt.Ire p cr Io rmv (I onl 3- inc it-d i airt. , r

0- inICh- 1ol i~nSatup 1 is 01- the I iIber-reiiriirLd Lcon rite, at ter 1 '4 ivs,

'Iheise Lists were p er formed I) % Ilist in[c" i I Iniers ot Sanmta Clara1.i, Cali tIorn iai

f IIt compII)ress ion st rc-t It va ried I rinn 0,-90 ps1 to 4-2)O p si ind ~rre
7- 3 01) ps i. tHeI sp it-cv'I inder tens it)n st renot h var it I f ror 820 p.- t o

1101)-;1111 ps and averaLed 900( p s i. A fa;I i IiC com p rtssion specii acn d a

tLns i onlI s2 IIe enl a re shI own inlI, Ci ,u re 19.
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till root f01 S t. io had c~ CaClr Iv hcg,,iin I i Ifti i ) of xc rLji cIl I v' W i t II II It 1; 11 11

it L .lc lrvx tir, .S ilonI 1f i';Int Ik'. lIi C 0 SO iIbiyc L L IIIC t rlni L lolill 11 111 11s kII I Mt

did J lo)t comlprLSs n~ot icahi i v . Gais _1 ts f , ormicd inl t llc S'Ili [ltI t I-[l i1 .ra;IC

I I )c:1t i () , an1d vent L moI, to t lit. su rl lc i rst OCiir rcd ait t il ' .-ra Ck Il rk'rnst

tIkc crlltn ait 11lomit 4 . 10) ins14. 1v L It t imo timCL1 roo 0 i0 1t1l il iI \I krt L101 I IV

IlhollIt 2.5- il ic I s . Ven t in 11-1Ii t he fot)rml of It ili ncL;lr t il I, rownl con-

t 1111102 Cbr ;Iil Idd1 itLilI~l I I0 mIS. A-\ S I;It C ;iS t 7 1 i -,k Ilt Ill IIS

si iiIappircnt imnl V noar till c r(im-Il , '1 thollil til' S01 I IS as -\Ir'stLLl v~

molndcd and thle rollf was Wc I I ;ihllvc till or 10 1 Iil so .i I sli r )c al
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MP--6307-51

FIGURE 18 FJBER-REINFORCED CONCRETE TRENCH MODEL
WITH SAW-CUT ROOF BLOCKS

MP-6307 52

FIGURE 19 SPECIMENS FROM UNCONFINED COMPRESSION
AND SPLIT-CYLINDER TENSION TESTS
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lest 17

il'St 17 Was condu11cted tar a nIominail reflected pre-ssure of 700 p.si.

thie t r nchi was c overed with 2 .3 inches of HAVLT HOST so ilI, compacted toI

a mea,*Sl-ud dons itV Of 122 lb-/ft , at a moisture content of1.3.

F it4re 20 shows tile digit iZed pressu re records for 'leSt 17I . 'ILi.-;t 12

is- the correspondin nI load ( c a I i b ra t i on te(,s t (F i ,u re 2).For a hon t 0 . .' :'S

a I- L ur t he shoc k reLac he s thIeI reuflIec t ing wal I, the pre-ssure- at P1InI

iles-t 17 L-s the sameI as in tile: cal ibration test. Afe CIL isth

Ltt' Pressure a t II1 in lest 17 decays more rapid Ilv than in tu c alI ib)ra t i on

test , first because of thle e'Xpansion and later because of bothl L'XIpanSiOl

and vent ing of the trench.

I 'FiThe end-view fHycam film illustrates thle important ea ture's Of theL

res pons e. Selicted frames are' shown in Figure 21I. The fill! pedwas

9,980 frames per second . As seen in the film, when the shloc k wave

reached tile reflecting Wail alt t = 1.70 aIs, thet longI'itudjinal saw cuts

forming thle roof blocks began to open upl. Se-Veral additional cracks

formed almost immllediately . (They can be See11 easily aIt t =2.20)e.

The roof cracked in two plIaces, about 10 dl cc rees f rom tile crown oil tnce

side and about 15 degrees on the other. Flewails and floor cra-cked inl

five fairlyV uniformly distributed loeations-. At t = 3.01 MS, each

fragment had moved princ ipal ly in thle radilal direc tion, hut aIt t = 3.71 a s,

tile roof section had clearly begun lifting off veCrtical I \ wihot lalc i

its cutrva ture sign if icantl1yv. The soil above tile t re-neii moulnded up~ but

d id not compress nolticenabl1y . Gas jets formed ill the san ni t intcil ckl:C

location, and ven ting to the surface first ott iir rei at t hi cra)ck flea ri'st

the crown at about 4. 10 ms1. By that timelk, tiii' roof1 had mo1vc(I Vert ,1 ca Iv
about 2.5 Inches. Vent ing, in the form of Oetlgna ILe rw'ol

tinned for ain additional 1 .0 ms . As late as t = 6.i m1 s, \'tilt lic, wais

st ill apparent only nenar the crown, a 1thlough' tilie sil IWas %'e rv s,t p I

mounded and thet- roof was wet] above the or i ginal soilI surfa1ce.

53

MENEM



SelIec ted f rames fromn the side-view IIlycam1 filIm are shown in F iguire 22

The filmI Speed Was 10(, 500 f rames per seconid. Ill this View, hot h thle

pho tLo pinls and the s;Oil sur faece show tha t thle expansion of Lite t renchI

,.as faiirly uni form but was slighItlv greater near tile refleCting. Wall.

11) is iI I lust rates that tlie expanlsion waS due prima rilyv to the refIlee ted

shock wave. Vent ing occurred first ait thle reflect ing wll]; thenl thle soil

Suirface appeared to 'unZip'' toward thle shioc k tube. Thie e lapsed t ime f rom

tile in it ition of ven1ting" at thle ref Ic ting wall unt il vent ing occuI rred

along thle entire 1- -inch trench l ength was zibou t 1 .0 Ils . (The timeIL c-

quiired for the reflcted shock wave to travel 12 inches is about 0.67 TIs.

Thle lest 17 trecTIh f ragments t hat were reOcovered wi tliin a 300-ti ot

radius are shown in Figure 23. Thie fragments were placed in their

original relative positions to illustrate the locations of thle Cracks.

General ly , the cracks run longi tud ialy and extend over thle entLireL I en. t

of the test section. A\t thle cracks, the steel- f-ibers pulIled out ol tile

concrete but did not break.
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(e) P7 (38.5 in. FROM REFLECTING WALL)

MA-6307-24

FIGURE 20 PRESSURE RECORDS FROM EXPANSION AND VENTING TEST 17

Explosive charge 400 gr/ft



t 0 IIns 2.20 ins

t3.01 ms t 3.71 mns

t4.21 is 4.7 1 ms

FIGURE 21 HYCANI PICTURES JI ti Vivv, Ti,, 17)



- -°
t =0ms t =2.67 ms

- t
t 3.43 ms t 4.09 ms

t 4 .47 ms t= 4.95 ms
MP-6307 16A

FIGURE 22 HYCAM PICTURES (Side View. Test 17)
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ROOF SECTION

* il - --

MP 630/ 1 1

FIGURE 23 TRENCH FRAGMENTS RECOVERED FROM TEST 17

Front of trench is at bottom.
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Test 18

Test 18 was conducted for a nominal reflected pressure of 1100 psi.

The trench was covered with 2.3 inches of HAVE HOST soil compacted to

a measured density of 122 lb/ft', at a moisture content of 2.67. The

digitized pressure records are plotted in Figure 24, corresponding to the

calibration pressure records from Test 13 (Figure 3).

Selected frames from the Hycam films are shown in Figures 25 and

26. In the end view the film speed was 1.0,180 frames per second. In

the side view the film speed was 1.0,370 frames per second. The results

of Test 18 were qualitatively similar to the results of Test 17 (Figure 20),

with the exception that the roof section in Test 18 cracked in three

places--at the crown and on each side. After initial cracking and sym-

metrical expansion of the trench, the entire roof section moved verticallv.

Venting first occurred at 2.7 ms, initiating at the photo pin nearest the

reflecting wall. Relative to the incidence of the wave at the reflcc'tinc

wall, venting in Test 18 occurred about 1.0 ms earlier than in Test 17,

where the pressure was 700 psi. At this time the roof position is obs'ureLd

in the film but its displacement is estimated to be about 1.1 inch. Fo I-

lowing venting initiation, the soil surface unzipped entire]v a]onc the

crown in about 0.70 ms. (The reflected shock wave transit time is about

0.63 us.) The vent area at the crown became very large as the soil moun)1CLded

up steeply. The recovered trench fragments are shown in Figure 27. .,\,,- in.

the recovered trench fragments showed that the cracks geeneraliy ran lon' i -

tudinally along the entire length of the trench mode].
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1500

utl

NOT AVAILABLE cc 1000 rillML•
J, 500 . ...... ....
Cr"
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(c) P5 (15.5 in. FROM (d) P6 (15.5 in. FROM
REFLECTING WALL) REFLECTING WALL)
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U) I'" 500

0 L
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TIME - ms

(e) P7 (38.5 in. FROM REFLECTING WALL)

MA-6307-25

FIGURE 24 PRESSURE RECORDS FROM EXPANSION AND VENTING TEST 18
Explosive charge 800 gr/ft
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t 0 ils -1.96 ms

t2.55 ms t -3.05 mis

t 3.54 ms T 4.03 rns

FIGURE 25 IIYCAM PICTURES (End View Tost 18)

0 1

......... . ..



0 ms
2.51 MS

t2.80 ms
t3.09 rns

t 338 mst 
3.66 ms

FIGURE 26 HYCAM PICTURES (Side View. Test 18)"-60 1
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ROOF SECTION

18
MP-6307-53

FIGURE 27 TRENCH FRAGMENTS RECOVERED FROM TEST 18

Front of trench is at bottom.

63



FOS-t 19)

Flit p)0S1 Of Ilos1,t 19 wa is Lto d em onis t rat rz p- ta Li i u 1) 'i t t

lsvecinar _ anid .-4oi I preparaition wore the ic e as ill Ilest IS. 1 hec

oE~Isur1tl t'dS i I den'1Si tyV wa is 12 2 lb/ft , W ithI a] mo istur ck tn Ii -t' , T

[he liVean: mPovies werc taikenl with color film to seif -Ilnv addiltinila I

re-;p, )nsc f;i t ores' 1x:'ere (Iljst I) nC I sha I;IbI.1 ill color.

Goen e ra 1 I v, t heit p r e s sur e andilc thei exp n) " s1 io01 n nd theI _ ven It in1 . c S eon 0 eS -

showed gcood repua tab ili tv. The diIig it ize.d preSSUre record , for toh i s

Lest ,ire plotted in F i'mre 28 . When eompa red with the' rCcords for

lets t 18 ( F igu re .),they show [iha t te pi, )reussmre a t tile re flec t 1 ic wa-l

in Test 19 was slIight ly higher. Selec ted frmsrom thec end view" Ivlvea

for Test 19 are ,shIown in Figuire 29. The2 film Spee-d ws101,130 frames

per second . When these aire compa red( With the f rames f rom le s t 18

(Figure 25) good repeatabili1ty o)f the, reLsponse is appa renlt . One

difference is that, in Test 1 9, the root cracked o~nly ait the cr own .

Venting, again initiating ait the pho(-to pinl nearest the( ceft ILe tinl" wall,

is a ppa ren t one f rame eairlI i er (0.1 Inms ) i n Tes t 19 . Thel L c oIo r mov ieLs

shiowed that tile venting j ets aire a comlbination of hot gas , soot, and

sand . The, recovered trenIch f ragmeats are shown in Figure 3(0.

Taible 3 conmpair es pe rt illen t meai suir omen t s; Icr lost s 18 a1nd- 1 'I Ilk,

times of a rr ival were determined from the recordhs of preLssuiro 11c'

;i t the re fleeting will (Figulres 2.4 and 21).The aiveraceL pressures up

to t lie- time. of ven'It illng in eaIi test were ;li so ciloI at ed f ron theL rcord-Ls

of P2. The time of firs,-t venting was determined From th ilivu 20 0amd is

aee(,lir;lte clV tul (1.05 Tisl. inethe' roof p1 tiOml was obscured ill tue

end view movies, tlue rocf dlisplacements ait tile rolef ct in._ wi I iat tile

ruec of first ven timg wel( i s t ma ted by e t ra po lith in the pho to pinl (1:1ti

to the ref 1ectin ' wall. In eaich test, one sprinpl mei wais iii C1011 arview

inl the' molvies ;It the' time' of ven1t jug.-
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(e) P7 (38.5 in. FROM REFLECTING WALL)

MA-6307-26

FIGURE 28 PRESSURE RECORDS FROM EXPANSION AND VENTING TEST 19

Explosive charge 800 gr/ft
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t- 0 rns 19

t 2.47 ins t 2.96 !s

- 3.45 ms 13.95 mns

NIP GA i, A

FIGURE 29 HYCAM PICTURES (Enid Vie'w, Te~st 19)
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ROOF SECTION

.. .. .. ..19

ml, (3(o 52.I

FIGURE 30 TRENCH FRAGMENTS RECOVERED FROM TEST 19

Fi ont of tiench i .t botto)m.
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Table 3

REPIEATABI ILTY OF RESULTS

I N TESTS 18 ANT) 19

Test No.

Measurement 18 19

Time of shock arrival (ms) 1.50 1.50

Average pressure up to first
venting (psi) 1090 1150

Number of longitudinal cracks

(including saw cuts) 10 9

Time of first venting (ms) 2.70 2.60

Estimated roof displacement
at first venting (in.) 1.11 1.13

Measured springlinc displace-

ment at first venting (in.) 0.82 0.89

6
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Test 20

The purpose of Test 20 was to determine the effect of dry soil on

venting. As in Tests 18 and 19, the nomina I ref 1 ec ted pressure was K
1100 psi. The trench was covered with 2.3 inches of IIAYE HOlST soil,

compacted to a density of 124 lb/ft' at a moisture content of 3.I. The

soil was then allowed to dry in the son for 5 days . At the time off the

test, the top 2 inches of soil had only 0. 3 moisture; at ; deopth of 4

inches the moisture content was I . 9'. In this test WC, also ;tUtMpted to

determine the extent to which the photo pins affect thly ,ino, process.

The photo pins normally used to measure roof disl)I acement were not driven

down to the trench roof bt rested on plastic supports on the soil surface.

The digitized pressure records from Test 20 are plotted in lin ore 31

Test 13 is the corresponding load calibration (Figure 3) . The records in

Figure 31 are essentially the same as those seen in the previous tests

with wetter soil (Tests 18 and 19, Figures 24 and 28).

Selected Ilycam frames are shown in Figures 32 and 33. In the end

view the fil11i speed was 10,280 frames per second . In the side view tit

film speed was 10, 580 f rames per second . The films show thmat the roof

cracked in two places and that first venting occuirred about 10 degrees

from the crown nd about 2 inches from the reflecting wall. Venting

he Iti n ahont 0.50 111s later than in Tests 18 and 19, hot the ti ne riqu ir,..d

to minzi p tue full lngtli of the trench was the same, leading to the con-

cI LSion tIi t the pins affect the time of ventin i tit iat ion hlt Io not

Iflic t the rest of the features of the Ve ltinc, response. l1(. roof

position lt the tine' of first ventLin is obsciured il tL' f ilm, bUt the,

diispla'ctnLet is estiiMated at about 2.3 inches '. ,l' rered tI-Ceoch

rigint s arfe shown in1 Figure 34.
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FIGURE 31 PRESSURE RECORDS FROM EXPANSION AND VENTING TEST 20

Explosive charge 800 gr/ft
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t -0 ins 1 1.95 ills

t2.53 ms t =2.92 ins

13.31 ins t 3.70 ins

FIGURE 32 HYCAM PICTURES (End Vwvv, T(,Nt 20) M ,0 1
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20

t 2.4 mst 3602 ins
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ROOF SECTION

...... ... 2 0

MP-6301 55

FIGURE 34 TRENCH FRAGMENTS RECOVERED FROM TEST 20

Front of trench is at bottom.
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Test 22

Test 22 was conducted for a nominal reflected pressure of 2600 psi

The trench was covered with 2.3 inches of HlAVE HOST soil compacted to a

measured density of 118 lb/ft at a moisture content of 3.6i . The
digitized pressure records from Test 2'2 are shown in Fig:ure 35. Test 23

is the load calibration test (Figure 5). As in previous tests, the

pressure records agree with the calibration records until expansion causes

the pressure to drop.

Selected frames from the ivcam movies are shown in Figures 36 ind

37. In the end view the film speed was 10,500 frames per second. In the

side view the film speed was 10,700 frames per second. The trench response

was similar to that seen in lower pressure tests, but the expCnsion was

faster and venting occurred at t = 2.43 ms, only 1.10 ms after the wave

arrived at the reflecting wall. The roof had moved about 1.9 inches when

venting initiated. The recovered trench fragments are shown in Figure 38.
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FIGURE 35 PRESSURE RECORDS FROM EXPANSION AND VENTING TEST 22

Explosive charge 1600 gr/ft
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t 0ils t 1 .33 ms

- 1.71 ms 1i210 ms

t =2.48 ms t2.76 rns

to ti~i

FIGURE 36 HYCAM PICTURES (End Viow. Ts 22)
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t =0 ms t =2.06 ms

-I- 22

t =2.43 ms t 2.71 ms

- -m
22 22

t 2.89 ms t =3.08 ms

NP 6307-37A

FIGURE 37 HYCAM PICTURES (Side View, Test 22)
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ROOF SECTION

CII

* -

CA VIA

MP-6307 -56

FIGURE 38 TRENCH FRAGMENTS RECOVERED FROM TEST 22

Front of trench is at bottom.
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Test 30

Test 30 was conducted at a nominal reflected pressure of 400 psi

with a thin-wall ribbed trench section. This ribbed model trench design

was described at the beginning of this section.

In this test we attempted to pack the Yuma soil to a wet density

of 132 lb/ft 3 at a moisture content of 6%. This value corresponds to

the higher soil density specified for the thin-walled trench. We packed

the test section in layers about 3 inches deep by successively dropping

an 8-pound weight (about 10 in.-) from a height of about 1 foot. The

weight was dropped five or six times on each spot; after three or four

blows no additional compaction was noticeable. The measured wet density

was about 126 lb/ft at 6% water, compared with 132 lb/ftC obtained

previously in a Modified Proctor test at the same moisture content.

(In the Modified Proctor test the soil is confined in a 4-inch-diameter

cylinder and is compacted in 1-inch layers by dropping a 10-pound weight

twenty-five times from a height of 18 inches.)

Figure 39 shows the digitized pressure records from Test 30. Test 26

is the load calibration test (Figure 6). As observed in our earlier tests,

expansion and venting produce a noticeable decay in pressure.

Selected Hycam frames are shown in Figures 40 and 41. in the end

view the film speed was 10,840 frames per second, whereas in the side

view the film speed was 10,140 frames per second. The films show that

the roof cracked near the crown and that the first venting occurred

through this crack at t = 5.35 ms. The roof displacement at the time of

first venting was 2.0 inches, which again is consistent with the results

of earlier tests.

Figure 42 shows the trench fragments recovered from Test 30. In

addition to the longitudinal cracks observed in earlier tests with smooth

wall trenches, there were a number of circumferential cracks at the ribs.
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FIGURE 39 PRESSURE RECORDS FROM EXPANSION AND VENTING TEST 30

Explosive charge 200 gr/ft
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t 0 ms t 2.67 ns

t =3.78 ms t 5.35 mis

t5.81 mis t 6.27 ms

FIGURE 40 HYCAM PICTURES (End Viw., Test 30)
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t - 0 ms t 4.02 ms

1*j

t = 5.49 ms t 5.98 ms

t= 6.57 ms t ; 7.06 ms
MP-6307-73

FIGURE 41 HYCAM PICTURES (Side View, Test 30)
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FIGURE 42 TRENCH FRAGMENTS RECOVERED FROM TEST 30
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3.4 COMPARISON WITH HAVE HOST TEST T-1

The T-I event of the HAVE HOST Test Program was a 1/2-scale test

conducted by the Air Force Weapons Laboratory (AFWL) at the Luke Air

Force Range (Arizona). Below we compare some relevant results of the

1/2-scale T-1 with the SRI 1/26-scale expansion and venting tests. The

data for T-1 are taken from the HAVE HOST T-1 Quick Look Report

(Reference 2).

None of the 1/26-scale model experiments performed by SRI were

designed to be an exact scale model of the T-1 test, so the results

cannot be expected to be identical. However, several important parameters,

such as soil properties, trench properties, and pressure levels were

approximately the same for the cases discussed below. Our comparisons

show that the AFWL and SRI tests produce qualitatively similar results,

and we found no quantitative inconsistencies.

Backfill Soil Properties

The soil used for the SRI experiments was obtained from a designated

location at the HAVE HOST site. Grain size distribution and compaction

tests were performed on this soil. A series of soil property tests

were also performed on soil samples from the HAVE HOST site by the

U.S. Army Waterways Experiment Station (WES). As shown in Figures 43 and

44, our test results agreed well with WES data.

Backfill densities measured for T-I ranged from 106 to 115 lb/ftC

with moisture contents from 1.0 to 2.6%. Densities for the SRI tests

(except Test 20, the dry soil test) ranged from 117 to 122 ]b/ft' with

moisture contents from 2.6 to 3.9%. The soil cover depth of 2.3 inches

in the SRI tests was a 1/13-scale of the cover depth of 0.75 meters for

T-1.

The soil tests were performed for SRI by Testing l-ngineers, Incorporated,
Santa Clara, Califonria.
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FIGURE 44 COMPARISON OF COMPACTION TESTS FOR HAVE-HOST BACKFILL SOIL
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Time of arrival data for T-I showed seismic velocities between

125 m/s and 172 m/s in the backfill. The observed wave from the end

view film for SRI Test 16 showed a velocity of 142 m/s. (This wave is

not clearly discernible in all the SRI tests.)

Trench and Concrete Properties

'The trenches in both T-1 and the SRI tests (Tests 17 through 22)

were constructed of steel-fiber-reinforced concrete. Dimensions for the

SRI trenches were scaled by a factor of 13 from the T-I dimensions. Thc

scaled average wall thickness of the ribbed T-l trench was used in the

straight-walled trenches fabricated for the SRI tests.

Unconfined compression tests were performed for the T-l concrete

after 28 days of curing and on the test day. Cylinder strengths varied

from 5200 to 6900 psi. For the SRI concrete, unconfined compression

tests were performed after 14 days of curing (a 14-day Type III cement

was used in the SRI concrete). Cylinder strengths varied from 6590 to

8420 psi.

Wall Expansion

The wall expansions at the springlines were compared for SRI Test 17

and a T-I station having a similar in-trench pressure history.

Figure 45(a) shows the pressure history, with time scaled by a factor 01

13, for T-I at a range of 48.5 meters. Figure 45(b) shows tl pressurL

history for Test 17 measured at the reflecting wall. The s'aled pressurc

for T-I is similar, averaging 10 to 20; lower than Test 17 during the

first millisecond after shock arrival.

Figure 4 5(c) shows the displacement at the springline for I-1 at

a range of 49.3 meters, with both displacement and time sCaled by a

factor of 13. Figure 45(d) shows the displacemen t at the spring,,line for

Test 17. (The T-I displacement data were developed by twice integratilig

accelerometer records, while the Test 17 displacemL'nt daita were read

from frames of the end-view ltycam film.) The T-I data ire 10. to '20 loWe r
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FIGURE 45 COMPARISON OF WALL EXPANSION BETWEEN AFWL HAVE HOST TEST T-1
AND SRI TEST 17

88



than those from Test 17. Since the pressure at this location in the T1-1

test was also about 10% to 20% lower, the displacement data in the two

tests are consistent.

Venting

In Test T-l, venting began near the plug 15 ms after shock arrival.

Photo pole data 1.5 meters in front of the plug (photo pole 17) suggest

that the roof had lifted 0.34 meter at that time, a distance of about

one-half the soil cover depth. This is consistent with the results from

SRI Tests 18 and 19, where venting began at a photo pin after the roof

had lifted 1.1 inches, also about one-half the soil (over depth. It was

not confirmed for T-1 that venting started at a photo pin. In the SRI

tests where venting did not start at a photo pin, venting occurred when

the trench roof had moved to about the level of the original soil surface.

Trench Failure

Figure 46(a) shows the crack pattern for an upstream trench section

from Test T-1, and Figure 46(b) shows the trench fragments recovered from

Test 17. Both failed trenches show longitudinal cracking near the trench

crown with five to six longitudinal cracks in the lower portion of the

trench. These longitudinal cracks run the entire length of the trench

section in both cases. Moderate circumferential cracking is al'so seen

in the lower portion of the trench in both cases.
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TRANSVERSE STEEL
SEPARATOR BETWEEN

ROOF PANELS

LONGITUDINAL CRACKING LONGITUDINAL
AT CROWN, INVERT, AND STEEl. SEPARATOR

SPRINGLINE
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(a) CRACK PATTERN FOR UPSTREAM TRENCH SECTIONS, TEST T-1

ROOF SECTION

~IjI

(b) RECOVERED TRENCH FRAGMENTS FROM TEST 17
MP-6307-17A

FIGURE 46 COMPARISON OF TRENCH CRACK PATTERN BETWEEN AFWL HAVE HOST
TEST T-1 AND SRI TEST 17
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4. ANALYTICAL INTERPRETATION OF THE
EXPANSION AND \'ENTI NG DATA

To assure the consistency of the data, we performed some basic

analyses, in which we treated response features separately and did not

attempt to calculate the entire response in a single analysis. That is,

in each analysis certain data were used as input and another part of

the response was calculated. The response features analyzed were:

(I) Roof displacement calculated from the pressure
measured at the reflecting wall

(2) Trench expansion at the springlines and invert

calculated from the pressure measured at the

reflecting wall

(3) Calibration pressure at the reflecting wall
calculated from the pressure measured in the

run-up section

(4) Expansion test pressure at the reflecting wall
calculated from the corresponding calibration

pressure and the expansion data.

This section describes the mathematical models used in these analvses

and compares predicted and measured response.

4.1 ROOF DISPLACEMENT

The motion of the roof was calhculated to verify, the consistenc\"

of the pressure measurements and the roof dispJ arTment tea so rement .

A one-dimensional model was found to be adequate to cal c ulatC the dis-

placement of the roof up to the original soil surIfacI e lIUve.

The ma them;I t ical model used to p1edict the roof d isplacement is

shown in Figure 47. It consists of l partial rin of roof iatcl-il and

cover soil loaded by internal pressurk, Ilnert ial ef-fects are Jolnaint

over the effects of soil streng'th. The roof/ so il r i is i assuimed to
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FIGURE 47 MODEL FOR PREDICTING ROOF DISPLACEMENT
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Lo I IhVCI C IS tstIt IMa, I an d maIteOr i i Ist rL'ngtL 1 is ne.g] ec t id. A k hIem;i It itc

constrailnt (conisistvint withi observation) requl~ires b)oth tik aIrt- Of the

ing ndti t hic kne ss to reminil conIstanlt .Thus, as the ins ide radiius

grows, the loaded a rca inc rea ses and thie mass dens i v of thie ring cie-

creaIseS. Tthe equationl Of motion for this model is

2 r = md r
di1

Where P is thle pressure, r is tilie- ins ide ring radius, and m is tilhe mass

of thev ring per unit length.

TVhis model was uised to ca I1Colalte- the roof displacement for of I

the expansion and Vent ing tests. Figure 48 compares the recsulI s of t he

callculatjins wi Lil roof displacement measurements taken f rom tielt-'ca

movies for tests with peak ref 1cc ted pressures, of 700 psi (Test 17),

1100 psi (lest 18) , and 260)0 psi (Test 22). The1 soil dlisp~lacement IOr

Trest 17 is ailso given, indicat ing that about 0.!t inchl uf compre)I-sionl

was observed in thet soil cover. [The correlation of thel' ci tin

withi the dlata enhaznces the relilabili ty of the pressure aInd is1aceu

measurements and indiea tes that the si mplIe model for predict jut, roof

motion is adequate.

4 . 2 S PR! NGIINE AND) I NVER] IS1 PJACI:IMIKNF

The trench expansion into the slirroiindlin-, s;oil was taLu altLid 1.1

ver ify tLhe ('01S i Ste v o~lV0f t he pre-sur a- Ind d i sp lCe0'tent (1tati, mlId a I s

toi (e0n1 irm11 1ie mC; i-ClirimiiL o f t he SOil Iav Wt pieJL'd I rorn th li ov it' o t

le st 6 6. The probl1em wais formmil1 a ed for ain aii svmme tric t, pl .1W ,tiralin

anaL'sj ~ .Cal tn lit ions- were Imade with SKI ITIT~l, ai I jul tt iii f ercnct'

compu111ter tode t';ipah1 IeOf anal -ll' tWO-d 1 titus ioni cout -i nuilm o

liarge d eformat ion (RefiLrene e ).

'[lie trench wou I wais nudeled witli tvp itai I onc' it proper t iis,

alIlowing!, fraicture, Ot early tine follIowedl by r it',itl hotv t i'auo I at ion of

the t rench t r-ig mcits . The'0 soi was miutl I it IS is 'Ill hr-C'i'i I 11) !!1At ir ii

ii iiitU dil ~tiiit'V. In thiis Model thii dilii ttolla rt'spt'iise is cvtr t
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FIGURE 48 COMPARISON OF CALCULATED AND MEASURED ROOF DISPLACEMENT
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by a varilablIe bulk moduLLIus (K) TheL d ist or t i o 1 reS punse1 Is guy e r -l('d

by two parameters, thle cohiesion c' aid the frictionagit

Tihe SOi I propeLrtic's; were Lcit ermi ned f rom WiKSs, iViKw 1051' bar I I

iniaixialI s tra in tes t da ta ( R 'eer C Ire !4) S shIownr in1 F i gu Ire L I' sohe-( i 1

Used i n the SRI experiments wais ait-so Ifrom th l H'IAVEK loST s i tc. I I tit

calcula1Ztion1s, the load ing pressurc.-vo ie patbl wa'S madeIL L to01 Ii l OW t IIL'

- curves Sbo0Wn. For iinltiad ing, al bullk mok-dllt! Ins tlll I O the i! ll!'il

l thd ing molcI 1 I sbowI Wa's Usced. INS shown belIow, ai good 'OrlrL'I lit ionl kli ti1

tile' c'Xpl1u51011 tet-,, dazta, was- obtalinetd usingL S oIlI pa* ramt' tirsr.'pit~dr

WIK -s lower hound curve for low tdensity SO I I , the 1IL'aVV tIlr\7t' inl

Fi~ (i ,11L t'VC'l t1iugil O11r rmt'aIsti-0 Wt so- 11 I i it':* %,a s 10i

hI ''llt'r than M'KS 10% I L ituls I tv 501 II

01ne reaIsonI for using tile lower1 b)ound lOW tienIsitv stre.SS-str1%ill

c'urve is that thie ibtlk moduluts ctompultetd from thiat culrve', ip to ;iboiit

vert io-a I stra in, agre'es wi tlu tile bulk Ilodill US e~tlll~tCdt 1-r01m thle Obser'rvej

w'~l\' speed by' the elast ic relat ion for aI plauc'e Wa'

Wheicr e is thle Imass ti015it is tic' W i\Vt sptL'eti, sIl I- Pi~ssoll '

ratioi Inl lest b tilt aue d Wtet s;Oil tienlsitV wasI. IN lb/it 11anti

tihe observtet wave't. Speet wais -'05 It/s. For a Poisson's 1-at io oi- 0. 1-i,

tilie bul1k OII~IIIiIus r L'lclIkL' at fiIrom t'ql;i t ionl I) i s ;ihoii t 'i4000 psi 'to

ioillt'the bii I k illIus I rom the MiS thia L, We I i rst est lMt Cot tile si Ope0

o t Lhe dv.'Il:iC S t rt'SS pa,' ti Iir Ilow tItuls i t Y 51 Ii Figii'e ,~ "l(1) I to

he -)/h, prov'it1inc,, tilt' rt I *I ionl

- ~ 2/1( + 2' r 1l (2)

NeXtL, tiet in ilW O Lc' mean11 llrrmilI stress' byv z + 2 r n

el 11I ilt 1im , wte raz express' in tetrllls ot
r 11z

0 l. 61)'(1
ill z
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11L't r1at io 01 spCr it i. at I s , I a or iir at L'OlnStallt pr ,ssure 'llald 'OllStlllt
volume, is takn to ho .'. The sound sp11d a in fron t of t ho shok is

1188 It/s nd the temperature T1 is O°F or 550 0 R.

[I1e inc idon t shoc k spood c is ,ivn hy

I (p2  )1

Tho temperature T,) behind the incident shIock f ront is

TT
21 + ' I 48) t sK, = ->1 -+- K T =177

0

h - ) + 1

The sound speed oit) bh ind the incidnt shock front is

T7
2 atp 21 1( f t/s

The reflcted pressuri h5 is iokiVeon h%

(2'. + I)p --.. .. ... - . p I I 10 0 p s i
- 1. 21 + I

itid P), = p/P =
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M ItLtrisi prOp)CrticS tor the rsimac ofI var ii hi ostudi!jLUd

(1I Scvc'ri I In'jituidiAn il c rac'k,- fori.i in i c ircus I truntii ll

v ininct ri'c distribution in the tre'nchI waill a i::.,ost Li;-

fnctiitc'Iv (wi'tllin 0.1 m s) of tcr tlit a rr iva 1 Of thic'

sl;IOL k wsi vo. i ir '52 shows thic cn rio kin p Jat teros oh-
sL'rvL'd in letst 17.

(t 2.20 ins, Test 17)
MP-6307-15B

FIGURE 52 TRENCH CRACKING PATTERN
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(2) le t-:pInsiol 01 0 tIie trn,h Into tI I' 0sI is
CVi Indr ih IIv sv: ri t r 1 ( unt iI tli rare i ;ict i oil wavt'
't'u L -rn s ro tilt' tr ' Sr O il su r I at'e to tl treloIm
roo . Ft -urC 5) iU tstraL',s this piit'omll0elnol ;iS

observ'td in Ilest 17. In this i IUstrtL ion, Lh
shock wave arriv'es it Lit reflecting,, wal I at 1.7 Ms,

'Intd thie' trCnC'i ho2 ins to CXI il d s'mrictria llv lhosed

on ;1 soil wave speed of 465 ft/s (ohsL-rvd in It-st 16)

tie, prt'ssurc wayL in the, soil ra hL-s tIh sutae aboutl

0.45 ::ns later, aftoer whi(th the suil Surfsitat' ho-,lns to

11ov al so . Ai tL r anothter (). -5 Ils the r e ieof w vu fror:.

ti eo0 i I Stir I;ac r u;i c ls Lilt' crown, end in.- tilt. svmmet r i,

ph s, of the expans ion

3) After the svmctri-, expansion phase, the slut, of roof

I-rzia:nu lts :Iovvs off in thle verti cal direction with
litt le or no change of shape until v tnting occurs.

The soil above th crown monnds up withoUt ::Mu-li lateral
flow. The expansion of the trench at the sprin4lincs
tnd flor continues to be approximatoly1 svt- ::tri.
Figure 54 i Il strates this phase of o xpIns ion in 'hst 1

4) Vtnting begins at th roof crack nearest tit-, cro,-wn, ,:ihun

tilt- trench roof has moved to about tlt-' level of the
ori, ina 1 soil surface. I ni ti ation of vnt in- in Iest 17
is shown in Figure 55. In the cases where tilt' roof did
not crack, no ventinc, was observed.

(5) Venting, even at late times, occurs only direcLv ahovct
the roof. The soil mounds up very stetply, forming l
large opening for venting, but the surface is not
broken anywhere else. This phenomenon is illuns tro ted
in Figure 56, again for Test 17.

(6) Once venting begins (near the reflecting wall), th

soil surface unzips along the length of the trenci at
about the same rate as the propagation of thel reflectC
shock wave. This phenomenon as observed in Test 17, is
illustrated in Figure 57. (The unzipping phenomenOll
was difficult to observe with short test sections,
especially at the higher pressures: tests with lon,.ecr
sections are needed to verify this response feature.)
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4.0 I

3.5 A Rr.-~f Displacement

0 Soil Surface Displacement

3.00 Left Wall Displacement

-J-

LU U)
LU 0 z

Luu

~1.05

0.50

0
1.0 1.5 2.0 2.5 3.0 3.5 4.0 4.5 5.0

TIME -ms

MA-6307-67

FIGURE 53 SYMMETRIC TRENCH EXPANSION PHASE (Test 17)

-Nj

It 3.70 ins, Test 17)
MP-6307-15sC

FIGURE 54 ASYMMETRIC EXPANSION PHASE
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(t 4.20 ins, Test 17)
MP-6307-15SD

FIGURE 55 INITIATION OF VENTING AT CRACK NEAREST CROWN

(t = 6.30 ins, Test 17)
MP-6307 -6

FIGURE 56 LATE-TIME VENTING
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t = 4.10 m

t =4.50 ms

t =4.95rms
MP-6307 16B

FIGURE 57 UNZIPPING PHENOMENON (Test 17)
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3.2 ilF FC1' oF PRESSURE

11he. pr inc ipalI effect of higher pres sure is to Sp~eed u11 t 11L r S pOlnst

inI add it ion, t rends we re noted withI respec t to t renicl raI renta Io i(a tllki

venltinl.

YL' \'enting trend is- Illustrated in Figuire 58, wheLre' theL tij L 01l

Ven1t ing anld ree01 iis aenn t time of ventinig are i1 ot teda'ans

p ressure 10 or the eI x ns ion 'IInd venlt ing' t ests- (Tes t S 17, 18, 1 9, 20,

22 and 30) and tue,. plug! /t rench1 in-teract ion test (Test -'1 , d L e Is rI I hd in

8ecion6). FortiS stIRt'S 0f tests, aI higher pressure cntused v''l iit

to oc dur sooiiur and with less roof displacement. Tile p ressli re f-or Ites t 21

1i3 onlV tiate~Ld since no0 gageU eted~tA at the Piug faZce. Tile I ioeS

drawn througi tile data are not f itted curves- they oi v nd iCZate the' treknd.

Thle da ta from Tests 18 and 19 lie not lie n-ear the iines . I'ven thou-.ill

Te'st' S 11and 19 demons tra ted repea tabil ity of several measuremeit5 , tile

ventin, dat a from-. these tests are considered anomalous becauise vent 1114_

mit ia ted at ai phloto pin.

The effect of preSSuire oil trench fragmentaitioni is illustralted inl

i'ahIt. 3), wihich lI1is t,; tile nulmber of longltinma craicks seen in hothI c i av

adreinforced ctontcre te t renchi model s at va-ri oils pre~ssurets5. 01 ese dait a

Stigge,,Cst thila sl ightly more c rac king occurs ait higiler pressIIres.

Table 5

F i'FF7i OF PRE.SSURE ON LONG ITUD)I NAL CRACK INt;

Nominal Peak --- _Numnibecr _of -Cra ick s -

ThU9 ('Cles 30, thinl-wal I r ibllt'd)

800 6 (Te st I11 8 (Te st 17)

800 , 'et 15)

1300 10(T1 " (et 18)

1 50O () (Tlest 19)

15(1( 7 (Test 20)

24.00 9 ('lest 1 6)

3000)1 12 (T'st 22)
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FIGURE 58 EFFECT OF PRESSURE ON VENTING TIME AND ROOF DiSPLACEMEN7
AT VENTING TIME FOR REINFORCED CONCRETE TRENCHES
I O v rltlfll( tinlte, * toof (dis) ilc lent)
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5. 3 V:FFIAt' OF S01. PRoP'IRT I S

For the rangle of Soil propert iL'S Ot intere-st andlk for the range o1

pressures st tid ti'd, a l1V Si s showed S.,oil stre.n!Ih to sinfcn viffect

trench CXzInuSiOl he low the.prig ikS Soil d~if1t\' his- on1 v ai modrite

etlL'C CN CIt idirC'Ly hrough thc s,-oil st ri.'th . Vit is, 111ore Col! -

piCted soil haS al higher Stringlh.

for ;i gijven pressure , thec mot ion of the root depeu~cds onl I on -,oilI

ilensitv . 'The trench expaiSon it the spr in, I i nes and floor depnc~ds; 01n

sil strength. t'sing the alvesdesc rihed in 'Sect 11 4 vl.U u

the i pressure 1CLi su red in Test 17 (700 p si ),we ca I cu Iate (I t Ilk' tl- 11 i 1nc ':

pans ion with the upper and lower hound soil propertieS; p rovideid Iv '.,

(Figure 49) . The results of the calculations are plotte'd inl Fl cu reL I

2.01

CALCULATED
CROWN DISPLACEMENT

LOW DENSITY SOIL
C HIGH DENSITY SOIL

CALCULATED
z SPRING LINE DISPLACEMENT

W LOW DENSITY (LOW STRENGTH) SOIL
wj HIGH DENSITY (HIGH
< 1.0- STRENGTH) SOIL
-J

01

1.0 2.0 3.0 4.0 5.0
TIME - ms

MA -6307-70

FIGURE 59 COMPARISON OF CALCULATED TRENCH EXPANSION FOR LOW DENSITY
AND HIGH DENSITY BOUNDING SOIL PROPERTIES
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The range, of th lit,'t',iloat ed respoises i ndic a tes thle SLnS it ivjt V Of thle

Cexpa Ils ion to Soil C omp~aic oll alt this low pressure. FurLther s tud%, is
necessar\' to determinec this SenISitivity at higher pressures.

The effct Of 111(1iSture content onl venting is thought to be minimal

In Test 20, where the soil was dried to about L" water, venting occurred

later than in Tests 18 and 19, which had the same loading. However, we'

attribute the early venting time in those two tests to the photo pins

and not to the soil differences.

5 .4 EFFECT OF TRENCH STRENGTH AND GEOMETRY

iDifferences in trench strength and geometry have only a small

effect on trench expansion, but a larger effect on trench crac'king And

initiation of venting. Thlis is Seen by comparing tile results o! jIests

15 and 17 . The soil used in botil tests, was from tile HAVE ilOSI site, aIt

aIpproximately tile same moisture content and density. 'Ill(? same xlsv

loading was used in both tests. The trench parameters for these, te'stS

are given in Table 6. The clay trench used in Test 15 iad thlicker wails

and had a higiler tensile strength than tile fiber-reinforced concrete

trenchl used in Tlest 17. The higher tensile strength of the dlay is

attr ibUtcL' to the fact it had been fired. Anothler difference between

the( two trenches was that tile aingle of the roof secLt ion was 90 dcree"-Cs

for Test 15 and l11) degrees for Test 17.

In Test 15, the roof section (lid not crack a1nd venting did not

0c CCUr . In Test 17 , the roof c rac kedi near the crown and venting begain

there about 2.4 mns after the shock arrive(]. InI lest 15, five' longi tiid ill

cracks occur red; in Tecs t 17, ei ghit occur red . ThO Cx pa us ion da La I-or h)ot i

tests arc plotted inl Figure 60. No appreciable differeceI is seen'l ill

the expansion of the two t renchecs at the spring]I i nes and i llver t. 'IlieL

dIi fference in roof d ispialc(inellt is dufie to the greatLer mass (thlicker wal I I

d Ce p L-r s o i I ) 1 i f t ed i n le st 1 5. Tlhius , tile princi pal pilelli1lina a f f"C ted

Ily trenchl st r engthi and geome U -'ry ;lpca r ti) be t renchi cracking a1nd VL'Iltillg

ill it aLiion . Howeve r, f-ir ther pajrameter t t'St illng is lU'cessa rv to dieteCr-

mnc, i.'1ndliv idliv theL ef I t' 5Of st-rt'lgtl ;illd geOtnut ry



TRENCII PARAMiE'IERS FOR IVISIS I 5 ANI) I

test I 1 ,; , I

Dons it V 120 1 b/I/t 12 1t 1t

R,Ltin uf insid,
rad itis to thiCknass 3

Roof ;ec t ion nrk, i)l

Cover soil depth 2.3 in. 2. n .

t'nSiILc strCtt1 4 120 1s i I q) t'i

LItIrtinc in Lthrc-po 11L bend Ink t.-t S.

IhLtetr'nitind in spil it-evi inder tests.

4.0 1 I 1 I 1 T

3.5 A Crown Displacement, Clay Trench

- Springline and Invert Displacement,

3.0 Clay Trench

C A Crown Displacement, Concrete Trench

2.5 O Springline and Invert Displacement,
2.5 Concrete Trench

I-Jz
< u22.0

.-J

c- 1.5

1.0

0.5

0 L
1.0 1.5 2.0 2.5 3.0 3.5 4.0 4.5 5.0

TIME - ms
MA -6307 71

FIGURE 60 COMPARISON OF MEASURED TRENCH EXPANSION FOR CLAY AND

REINFORCED CONCRETE TRENCH MODELS (Tests 15 and 17)
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pp -.................. _ _ _ _ _ _ _ _ _ _ _ _ _

6. Pt V/TRENCHI I N'TERACTION 'TFSTS

Hi)reeL pl tII' t renchi interact ion tests were pwrf torned 1thc I iirs t tes

(Tlest -'1) was; performed with a simlple 4-inchi-lonig steel plug in a, non1-

rihhl),d mode] t rCh -)) This Cxper imint provided some1 in it iii dataL~ 0on

leaka'ge and crack propag ationi past a stat ionarvplg

The second and third tests (Tests 35 and 10) wore f)LO r11rmd On p11u1c

modelIs that were s imple, hut more real ist ic . 'TO s imnIiat( theL des in'

pressure- and impulse for these; p)I11p tests, *We p~erf ormed an1 aLd1t i Ona

ser ies o1 load -a i brat ion tests. TWO of these loald cal1 ibra ,t ion tests

(Te-;ts S34 anld 3 3) , correspond to tests onilug (lest s 3) and In) an1d

aire described bel ow.

6. 1 SI MPI 1' Iit*;/T'RFNCII I NTERACT ION 'lEST ( 'K''21)

leSt 21 waIs conlducted for ai nominal refICLA te td ressure( (t1 110 11.1

u s ingj the ; l sam eXplo0Sive Colnt i gurat ion as ' cal ; iba t ii Te1 1I (Se-lt ionl .2)

Pressure records f rom c al Iibrait ion lest 1 3 aire shown I i Fi gu re, V. As in

thle expans in and ven t ingl' test s , thle inpul(t preL'sure is a squareI-L WAVe

(nonde-cav ing) during the 5-m1S test t 1 me'.

'Tile Model t reCIrI Used in Test 21 Was the same11 aIs t lie iid Cls uSed

Ill Mrost expaI~nsion and vent jug tes ts (6-illcti- II, 12-i nehr- ollic, 0). 7- i

wal 1 -thickness, and falbricate'd wi thlet internalI r ibIs) . 'Two Ilng i t tid iI nI

I. 56- inc ti-deep) saIw cults offt se 11)0 L egree's f rom echl other and two tkratus-

verse tI . 56- incli-d ep saw en1 t S .1t the, ttr 1 rd po)inIts S'Were used'k t o -se1"A rat c

t he root i l)1ock.

The expe r inent set rip is shown in Figulre 61 .(TbC ecomp1lete sma1:1 II-

a I e shrock tube a SSerIib Iand leald i ng techniquelk Were des r i bed ill

Sect ions' 2 and 3.) A 6-iinetr-d iiiiter, SL-i nerlegse lrgwas- inl-

serted at thre rt I ec tn), wug I I nd of the model t renchi. The I, I ci rarle

b)etw t he IIL 1)11 1ip ad t Ire t rencI W;i I I IWA S O.t)) 00 1CI I. The fac )COt 11C
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plug was aligned with the center of the transverse saw cut that formed

the end roof block; the-back of the plug rested against the reflecting

wall.

As shown in Figure 61, the shock enters from the right, propagates

into the model trench and reflects off the plug face. Three pressure

gages measure the shock pressure in the steel run-up section. Two of

these gages, P5 and P6 were located 11.5 inches upstream of the plug

face. The third gage, P7, was located 34.5 inches upstream of the plug

face (not shown in Figure 61). Two 1-inch-wide, 0.5-inch-deep grooves

were machined in the back of the plug to provide a plenum for pressure

gages P1 and P2 behind the plug.

As in the expansion and venting tests, the volume around the model

trench was backfilled with HAVE HOST soil with a trench cover of 2.3 inches.

The soil was compacted to 117 lb/ftC, with a 3.9% moisture content.

The digitized pressure records from Test 21 are plotted in Figure 62.

Cages P1 and P2 at the back of the plug registered over 1000 psi, indi-

cating that considerable blow-by occurred. A comparison of these records

with those from Test 18 at the same loading without a plug shows that, at

the reflecting wall, the gross effect of the plug was to chop off the

first 0.7 ms of reflected pressure [compare Figure 24(b) with Figure 62(b)].

At gages P5 and P6 (the open end of the trench), the effect was to simply

reflect the incident wave about 0.7 ms earlier.

Two high-speed cameras (Hycams) were used to photograph the response;

one was aimed at the Lucite window at the end of the test section and one

was aimed at the soil surface from the side. Selected frames from the

llvcam movies are shown in Figures 63 and 64. In the end view the film

speed was 10,550 frames per second. In the side view the film speed was

10,730 framres per second. The films show that the trench expansion at
the reflecting waII was nearly the same as in Test 18, but the ntire

process was diaveld by the effect of the plug. Venting first o'curred

at the crown near the plug face at about t = 3.20 ms, 1 .7 ms after the

shock reflects off the plug face. This time is consisLent with the tilme
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(a) P1 (BEHIND PLUG) (b) P2 (BEHIND PLUG)
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150 i . . .. . . . . . . . . . 15oo0 -.. . . -- -

W Lii I
m 1000 . . 1000

0 :., 0

1.0 2.0 3.0 4.0 5.0 1.0 2.0 3.0 4.0 5.0
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(c) P5 (11.5 in. FROM PLUG FACE) (d) P6 (11.5 in. FROM PLUG FACE)

2000

C 1500 ..

rr 1000 . . . . . . . .. . ..

U)

w 500

0-
0

0 1.0 2.0 3.0 4.0

TIME - ms

(e) P7 (34.5 in. FROM PLUG FACE)
MA-6307-28

FIGURE 62 PRESSURE RECORDS FROM TEST 21

Explosive charge 800 gr/ft
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t 0 ms t -2.09 ms

t2.47 ms 2. 94

3.32 mns t3.60 ms

FiGURF 633 HYCAM PICTURFS (Fno V\\'%, Testi 21)



t =0 ms t =2.42 ms

" 2.1 "--i " - -- - 1 ,

t = 2.89 ms t = 3.17 ms

.7J7Z 21 21_
t =3.35 ms t 3.54 ms

MP-6307-36A

FIGURE 64 HYCAM PICTURES (Side View, Test 21)
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of venting after shock rel tC t ion seen f01- t he e'XpanSionl an0 ven inlc

tests ,Fut58) . heli roof section at this loc-at ion ha.d mloved abjout

2.3inChes. Th1e( reC overed trCilh IragmuInts, shown in liglirt 65, ind irated

thalt I on"gi tid i na~ I craicks in theL roof, wzi Iis, aind floor of- the trenchl ":.-

tende-d from end toen. Ihla t is, the por1t ion Of the t rellil surround inc

th1 uCraCked an1d C':pamul~dd wi th the rest of the trench, prov id in2 ain

openi path for the h i,1h pressutre- ,as to the hack of t Ile ping11

6.-) P LUG MODEL. VLSIS (F iTSiS 35 AND 36)

(Current Canld(i idte plug1, de gsCom1bile the concepts" of al leaky l 1

thait alows b.1ow-by ind a solid ping downstream of the leaky p1 u~g tha;t

sea is the t renchl to p roy 1(1 a "'safe sect ion." T'he concep~t is thflat tilt

I oaky pilug reflects ai port ion of the air shock, caoLs ing the trench to

open upl and vent sooner thereby' lowering tile load on tile solid plug.

(TIile leay plug in the Mart in Mariet ta design1 consists of semirigid

b~affle plates; in tile Boeing design, it is a flexible slotted drag sealI.)

Our strategy was to study first tile pihenomenol1ogy of the plug/trench

interaction with simple plug models. Our test series consisted of

testing, a simple leoaky' plug alone (Test 35) and then a simle Sol id plug1

alione (Test '36) . This d ivision l eadis to ai clearer understanding oif the

pheno1Meno01 i 1va s0C lotd 0(1 Ih eachl type of p1

'Ilhe MX p Ilug designIl I eddinc, is Anl air shock i t h a 600-psi pea,,k

p ressuIre and an17 L2XKponer~lt d iecay Iiziv ug a chiarac terist ic time of about

i ms atf Th2-cai. Iis design oaid ing was used as the desi red upistream

wiivuform for theC io,;lk, plug test. The desirud utreamlC 1 WWvL-torm1 for the

Sldpi ug te'5 t was ch-Iose n (is n 20(1-psi pealk pres suire, again Witih an1

exonntia1( e;l y ha]ving a charaicteristic timei( of aibout 3 ilis . TIs

I OWL' p )ressu~re aicc ount s f-or the aibsentc u of any 1 o;lt i at t onim t i on

miecihanisms (i.e. , I eaky plug) in front of ouir so I id plug model

YDli u Loaid Ca lib rat ion Tests

Cal ibration tet'SS 11sing A rigid steel test sect ion wereC performt1d

ait loaidings corresponlding! to both te Ic~ e vpugad sol i d pllle tests.
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ROOF SECTION

C,

........... 2 1
MP-6307-61

FIGURE 65 TRENCH FRAGMENTS RECOVERED FROM rEST 21

Front of trench is at bottom.
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Figure 66 shows the shock tube assembly modified for the plug load cali-

bration tests. For both wave forms, the explosive charge used was a mix

of PETN and hollow glass microballoons in a 5-inch-diameter cylinder.

('Tile microballoons lower the detonation pressure in the explosive, thereby

lowering the stress in the driver section of the shock tube.) The charge

was back-detonated in three places. To achieve the correct characteristic

time, we increased the length of the driver section to 24 feet. The aft

end of the shock tube was left open to prevent a second shock reflection.

In calibration Test 33, a 312-g, 5-inch-thick charge of PETN/micro-

balloons was used. The charge standoff distance from the rigid reflecting

wall was 20.5 feet. The pressure records for Test 33 are given in Figure 67.

A 600-psi upstream waveform with a decay similar to the desired pressure-

time history for the leaky plug test was generated. The upstream (indicent)

waveform can be seen in the records from gages P3 through P7. At the wall,

the reflected pressure was 3600 psi (gages P1 and P2).

In calibration Test 34, a 78-g, 1.25-inch-thick charge of PETN/

microballoons was used. The charge standoff distance from the rigid

reflecting wall was 20.5 feet. The pressure records for Test 34 are

given in Figure 68. A 180-psi upstream waveform similar to the desired

pressure-time history for the solid plug test was generated. The up-

stream (incident) waveform can be seen in the records from gages P3 through

P7. At the wall, the reflected pressure was 1000 psi (gage P1 and P2).

Test 35 (Leaky Plug)

The simple leaky plug design is shown in Figure 69. It consists of

three rigid aluminum cylinders: a 6-inch-long front cylinder with a

0.15-inch gap between the cylinder outside diameter and the trench rib

inside diameter (the leaky plug), a 10.25-inch-long support shaft, and a

3-inch-long base. This base rested against the rigid end wall of the

shock tube assembly. The plug assembly represents a simple leakv plug

rigidly supported by an "ideal" solid plug. The weight of the entire

plug assembly was 33.9 pounds.
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5000

~4000 .. .. . . .

CL.

I 3000. . . . . .

cc2000 . ... . .

wu 1000 --

0 2 4 6 8 10 0 2 4 6 8 10
TIME -ms TIME -ms

(a) P1 tAT REFLECTING WALL) (b) P2 (AT REFLECTING WALL)

5000

CL4000.......~_

3000 --- . . . . . . . . _ ---- . . .

0 2 4 6 8 10 0 2 4 6 8 10
TIME -ms TIME -ms

(c) P3 (4 in. FROM (d) P4 (8 in. FROM
REFLECTING WALL) REFLECTING WALL)

MA-6307-79

FIGURE 67 PRESSURE RECORDS FROM LOAD CALIBRATION TEST 33
312 g of PE TN'Imicrobal loon at 20.5 ft standoff.
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20 500

2 4 6 10 0 2 4 6 8 10

TIME Tms TIME - ms

(a) P5 (15.5 in. Fror% (b) P6 (15.5 in. FROM

REFLECTING WALL) REFLECTING WALL)

2100

c- 1500 "

uj 1000.

in 500

CL 0 , L

0 2 4 6 8 10
TIME --ms

(c) P7 (38.5 in. FROM REFLECTING WALL)

MA-6307-80

FIGURE 67 PRESSURE RECORDS FROM LOAD CALIBRATION TEST 33 (Concluded)
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U,1000-- -__ _ _ _

800 _______
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MA-6307-81

FIGURE 68 PRESSURE RECORDS FROM LOAD CALIBRATION TEST 34

78 g of PE TN/microbai loon at 20.5 ft standoff.
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FIGURE 68 PRESSURE RECORDS FROM LOAD CALIBRATION TEST 34 (Concluded)
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--- 36 in.-

MA-6307-83

FIGURE 69 PLUG/TRENCH LAYOUT FOR LEAKY PLUG TEST 35
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.A 3(t- ix h-I onc f iber-rein fo rCcd conc rotCL r ibbed t rencl' i, vs used

o r I L s t V. Flit total I engtit Of the' p1 STAI ti ob 'Was 19.25 illlit's, aind

the port ion of the trench tipstr';iit Of the' ping face- Was 6.75 itlhlCS 10MP.

ih) LMod Ci It r t'nc hI was c ons t ruICt C'd wi tii sc a l ed IX r i hs . TieL t rLench it w I I

wais 0 . 373_- in chI thIIi Ck ( 10- ich wall I, f UllI- scaleL) ; the L r ib1 s 1),i ino was

2. U1 Inche's and the rib height was (0.23 incites. Vito rib faice ba,. 2

IS degree cant. .the inside d jameter of the rilbs was 6.00) inclC'S'. hIt'

trench roof was se~parated with two longitud inal saw cuts S-picecd 1(0( de(2 rCt- L

apart . No transverse root cuts were made. Two tinconfined comprC' Ssi ott

tests (ASTM C39-64) were performed on sample cylinders of the fiber-

reinforced concrete mix 42 days after pouring. Compression stren~gths of

8380 psi and 82801 psi we.re obtained. (Tihe trench was 56 days ol d at the

time of thle p)lug test).

The soil , oh tailmed from tilt HAVE HO(ST sitLe, was c omplac'ted to a wet

densi tv of 1130 11/ft at a water content of 9.5 percC'nt. The Soil cove'r

was 2. 3 inches thick. Pho to p ins pro trod ing through Li) soil and r-C's tine

onl the trenchi roof were LIS(-i to measure roof niotion. Th~e p ins were

S pa C d e v eryv 3 i ncItIe s aIn d f or fti t itire r' c 1 e rCL'tI Ce we reci nuniibe'r cd c o0n05cc tuIt i vt c I '

starting from the rigid end wallI of the te2st ste Lion (Figure 69).

ihe e i)) os ive charge for Test 35 was identical to that used inl

cil ibr t ion 'lust 33 ( 3l2-g of PFTN/mic rohaIl oons in a 5-lncii-d ianC't'r

5-inCh-long cvl inder) . Thie charge standoff distance front tile plug faIct'

was 201.5 feet, tile same as tihe standoff distance front tile' reflect ing Willi

ii tile load calibration test.

Figure 70 shows the pressure in tiht steel run-tip settion for iC'st '5.

Two pressure gages QP5 and P6) are l ocateod 2(0 inches upstream-. from Uit'e

plutg face, 1801 dog roes apart . One pressurt' gagei (1'7) is I ocatCC 43 inc itts

01St r ant from tile plug face . Comnpa r ison of thiesC' gage rec'ord s wsith thiost'

from1 l oad cal ibrat ion T's t '33 (F igutre 67) shows \'C'rl g.)Odagr''tnti)il

i nc i d ent w;y o ef it r ns . ('iTe rim-tip diSMC stntsIlt' ee gagt's P5, PO, an PiI'7

A Ilt tu Ip )1 t ig fa c ' o r rt' f I oc t i 1g ,Wil d i f f C' r s 1 i t t I v 1)0e t we2et nIt's t s 3 ;tiani

Itht'cattst' tit' insurted r igid stct' I ube~ ttst'tl for tilt loaid ca;libjhtiton

tt'-st, d id tntt matl ch tht'e lnit tof tltt t rencht rim-tip to titt' plutg fact-)
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FIGURE 70 PRESSURE IN RUNUP SECTION FOR LEAKY PLUG TEST 35

312 g of PETN/microballoon at 20.5 ft standoff.
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Fw\.o pressure gages (P18 and P19) were lot ittd on thlt leaikv. plie tac,

1 .23 i IicI Ies aIb ove and belIow thIei plIuIn cunter Ii e . Tiwo p rtssu re' Lc S

(P] 0 and P1 1 ) were I o)Ca ted onl the i su pport base, 2 . 0) i nches a b oyc e ad

be I ow thet p1 ug cen iturl1 me. A 1 ond cell was fitted betweel tilie )I1,g

suppo rt shiaft aind tihe base to mea sure tihe locad t ransiItted t v tl( he ha Le

Fi,4urc 1-1 shows thec pressure and 1 cad cell records f ron it's t 35.

Comparison of P8 and 1P9 on the plng fzace for Test '35 with Pt and '2 oni

the re'f lee t inA wa I I in the correspond ing load cal ibra t ioni 1 es t i

tire (17) SlIOWS tlie inl it ilI ref 1 ec ted pres sure~ in lest 15 to he a few.

uimired psi lower and to have ai faister decay, rate. ITle it Li al IlIv loser

rel ectCed pressurez is probaibly due to rib drac, in thec l:ist 16.75 inches o

runI-Lip) to the p)Ilc face( (no0 ribs were_ present in thc cal ibraition testL)

lVe kittr ibute the faister decav time to ,:pili I nd then vent iml_ of tilt.

trench run-Lip sec tion.

Poor rec ordls we.re oh t alnedl witih both P 10 aind Ill I in thle p Ing ~ i i-

ffi cure 71) . Post -t esit exam inat ioni showed that thle cable to NO II hd beeni

p incliCed, prob Ibv it t =1.85 ins, as nd icited in Fi cre_ 71 , resti t i n' ini

a1 larce, baselime shift. hle pressure record for PI 11 alo shIoWv a hal ImeIL

shfa diae ytenec4a t Iv pr es sure ait ter t = 8 !'Is. Th ai- lppa rent

precLursor in I'll, seevn at t 3.15 !iis, was not ob)served in P10l. I t is

0o~i 1v not I i Vr -e,i res1ureC L n I hu 11t , racIther I-, a has I) illL silli ft i

'y - t I-Il tilr, i I r in; j t Iiron ch the A I ui l Mm pI as b I . 1)11 Ill, 1h i

of tlmest' observaltions, a shock of abhout 3(011)psi aprsto ill\ive irr ivsJk_

At time p) lug base;L At t =3 . Ss_ mis, or 0. _'i 5 :is ;if tr thet sho, k rem"I Il d tih,

leaiky phi. ftLc. An interest inc. observation is- that MO ) si is 10 r, ;i

of tile pressure, oni thet leaiky plu lc; also1 tile, (). I )--il(m o ; beLta, 1 1.

tilt- Ieav plgouts ide 2 i;irmvter aind tilt rib inls]iI' d i i is Ir a. 1"t nat I

IU () rCI- L11t o f t he c ross s. c't lonal a irea o f tih' t rencht. i; 5 t t cr I- i , I n

teuktil jon ad al 11ttho for vibraition isolait ion of NO Umo !'sI I k-o)Iip v

tc'reco(rds- o theLse' ci'L,,- ill future test-;s.

he load s's'l record i icure 71) shows an jlt ii.e1 I,!0

,itUU pouinds in tilt, suipport sl1it (Lte 3IU-ps"i urashs'l ti I''1 I:

t . 's lumI Itie L' .I r ca i 0 6,1)ill1( poun ds) . he literl ;I- ill.- in'", l tn ;I
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FIGURE 71 PRESSURE AND LOAD CELL RECORDS FROM LEAKY PLUG TEST 35
312 g of PETN/microhalloon at 20.5 ft standoff.
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is caused bv stress waves propagating up and down tile length of the pluc'

assembly (at approximately 0.2 ms round trip transit time) and bv the

tact that the plug assembly was not tied down to the rigid end wall of

the shock tube assembly.

Photographic coverage consisted of two high-speed movie cameras

(Hycams), one viewing the soil surface from the side and one viewing the

end of the trench from behind the Lucite reflecting wall. Selected

Hvcam frames are shown in Figures 72 and 73. In the end view, the film

speed was 10,660 frames per second; in the side view, the film speed was

10,390 frames per second. The accuracy of the times presented in

Figures 72 and 73 is 0.05 ms, mainly because of errors in determining

an exact zero time.

The shock hits the leaky plug face at t = 3.00 ms. By t = 3.66 ms,

the roof in front of the plug has lifted 0.4 inch (Figure 72), whereas

no significant expansion has taken place past the plug (note photo pin 5).

As seen in the end view (Figure 72), the first longitudinal cracks have

propagated past the 3-inch-thick plug base by t = 4.41 ms, which is 0.96 Ms

after the shock has reached the face of the plug base. At t = 4.71 ms,

the first venting is seen above the face of the leaky plug (Figure 73).

At this time the trench roof has lifted 2.05 inches at the leaky plug

face. By t = 6.06 ms, the section of the trench upstream of the leaky

plug face has vented along its entire length, whereas downstream of the

leaky plug no venting is seen even at t = 14.14 ms. although by then

(Figure 73), significant downstream expansion is apparent.

Figure 74 shows a plot of the displacement of tile trench roof versus

time for Test 35 from the photo pin data. Comparison of the data for

photo pins 6 and 7 shows the roof displacement directly in front of and

behind the plug face (over the leaky plug) to be simil;ar, whereais tile

roof displacement behind the leaky plug lags behind (pb, to pin 2).

Figure 75 is a post-test photo of Test 35. After the test, the looseC

soil was blown away with an air hose to expose the trench fragments and

plug for observation. As seen in the figure, the entire plug assembly

has rebounded 2.0 inches from the end wall of the shock tube assembly.
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t 4.88 ms

t 8.73 MS
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FIGURE 72 HYCAM PICTURES FROM LEAKY PLUG TEST 31) ([ ~id Vw%l~



t 3.66 ms t 4.71 rns

t = 5.29 ms t 6.06 ms

Ai
t 8.66 t 14.14 ms

MP-6307-87

FIGURE 73 HYCAM PICTURES FROM LEAKY PLUG TEST 35 (Side View)
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£Photo Pin 6 (1.25 in. Downstream From Plug Face)
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FIGURE 74 PHOTO PIN DISPLACEMENTS FOR LEAKY PLUG TEST 35
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FIGURE 75 POSTTEST PHOTOGRAPH FROM LEAKY PLUG TEST 35 (Aitl Sod Retnovd
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Figure 76 shows the recovered trench fragments from Test "35. Most

of the roof in front of and over the leaky plug was not recovered.

Longitudinal cracks run the entire length of the trench section. A

major circumferential crack is located between the eighth and ninth rib.

For reference, the face of the leaky plug aligns with the upstream face

of the ninth rib (see Figure 69).

Test 36 (Solid Plug)

The simple solid plug design and plug/trench layout is shown in

Figure 77. It consists of five aluminum cylinders sandwiching three

rib-bearing plates. A 0.063-inch-thick neoprene ring is bonded to the

rib-bearing plates, and when the plug is in place, the neoprene bears on

the rib face providing a seal. Unlike the leaky plug model, the solid

plug is assembled inside the trench. The rib-bearing plates are segmented

into 120 degree sections to facilitate assembly. The entire plug assembly

is held together by seven 1/2-inch bolts connecting the front and back

cylinders. The entire plug assembly weighs 33.5 pounds and is 12.35 inc hes

long.

A 36-inch-long fiber-reinforced concrete ribbed trench was used for

Test 36. The model trench was constructed with scaled ,!X ribs. The

trench wall was 0.375 inch thick, the rib spacing was 2.31 inches, and

the rib was 0.25 inch high. The rib face had an 18 degree cant. The in-

side diameter of the ribs was 6.00 inches. The trench root was not s.'-

cut, to match the monolithic trench designs for the plug section Of

Tests T-3 and T-5 of the HAVE HOST P rogram. Two unconfined compress iou

tests (ASTM C39064) were performed on samples of the fiber-reintorccd

concrete mix after 15 days. Compression strengths of 1 1,870 psi raud

13,930 psi were obtained. At the tince of Test 36, the trech wis

29 days old.

For 'est 16 the plug was supported by the fourth, six'th, and CiglIth

ri bs . As the plug was assembled in the trench, an epoxy filler was

pl aced oM the It ace of the three bearing: ribs. The plug was pushed

;rga inst these ribs, arid the epoXy filled ;Iny ga,-pS between plug ;aid tr('ch
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FIGURE 76 TRENCH FRAGMENTS RECOVERED FROM LEAKY PLUG TEST 35
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FIGURE 77 PLUG/TRENCH LAYOUT FOR SOLID PLUG TEST 36
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created by the tolerances on plug and trench dimensions. Therefore,

when the epoxy had set, we knew that the plug was bearing equally on all

three ribs. A release agent was placed on the plug so that the plug and

trench were not bonded together. The face of the solid plug was aligned

with the upstream face of the ninth rib (see Figure 77). Thus, 16.25 inches

of trench separated the plug face and the steel run-up section.

The soil used was from the HAVE HOST site and was compacted to a wet

density of 128 lb/ft i at a water content c1 8.9 percent. The soil cover

was 2.3 inches thick. As in Test 35, photo pins were used to measure roof

motion. Again, the pins were spaced 3 inches apart and were numbered

consecutively starting from the rigid end wall of the test section

(Figure 77).

The explosive charge for Test 36 was identical to that used in load

calibration Test 34 (78-g of PETN/microhalloons in a 5-inch-diameter,

1.25-inch-thick cylinder) . The charge standoff distance from the plug

Ife was 20.5 feet. Three pressure gages were located in the steel run-

up section of the shock tube. Two of these gages (P5 and P6) were located

20 inches upstream from the plug face, spaced 180 degrees apart, and one

gage (P7) was located 43 inches upstream from the plug face.

Two pressure gages (P8 and P9) were located on the solid plug face,

2.0 inches above and below the plug Centerl ine. Two pressure gages

(PI and P2) were located behind the solid plug in the rigid end wall

of the shock tube assembly, 1 .25 inches above and below the plug centerl iM.

Figure 78 shows the pressure records f rom Vest 36. No records are

shown here for gages P5 and P7 in the SLt ieI run-up section. G;age P5 was

recorded on an oscilloscope Only\ (duc to ia "k it- an availahle tape channl

and showed no difference in pressure f ron the svmmt trica 1 1 v I oca t cd

gage P6. Because of aI damaged cable, no record Wa11s obt; ined for I e 1ig 7

Compar ison of the record from PO wit I I Io,Id ca I I brat ion I'est 14 shOWS Vt r\'

good agreement in incident pressure.
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FIGURE 78 PRESSURE RECORDS FROM SOLID PLUG TEST 36

78 g PETN/microbal loon at 20.5 ft standoff

141



Comlparison of P8 aind P9 On the p lug ' fate'L for lIest if) wth III1 and 112

onl the ref lecting" WaI inl thle -orreSp)ond ilh'ladt iraJt ion let1

(iue68) shows thlt ref 1 ec ted pressure in Tles t 16 to e1o riitiaIIv

aind to have a s;i itlv faster det'av rate. tiain, te ilt iail I owc r

reflIected pressure. is attributed tO the- r ib ra in tile las;t 10. 25 inches

of runI-up1 tO thle plu' fact' (no0 ribs we're 1 pre0senlt in the CAI ibra't ioni test):

thle slighIt IV fasI-ter dIecay time, is prolbb 1 I I-1 arsIit Of expansil;1', on and thenl

venting of the trench run-uip e-t ion. 11herek WaIs nok signif icaut leaikage

Past thet. sot id P I)ll, And IaesII anti P2 behind tile plug reistered'k nok

meaisurable pressur-e ( less than -) psi) TI I herefore0 , the reCOrdks for- l'l

and P12 were not il udedLL'( in tilis rep Iort.

Four stra i 'gags wre 10Iota te dIowIIst leanl ()I thle p~hlg on tie' ott'r

t reneii %,all between the second and li ird rib 1 oca t iOns ;. AS ViCL ewdfro

tlown5t reaim, St 1 wais located 45 degres t'Ounltert-' I OtkWise from11 teC inIVerIt

S(2 , +5 deg, rees c4 I oc, kw Lsk. C ron t lie i live rL ,C , 4; 3 1' os(011tccIo t1S

rom thIie crown anlld S G 4, -5 deg Iree'L'SCI ct kw i so f rom thle cIL)wl n. ig lje 7

.il ' te reCI-Cc o rd s fromII ths gages V- (compre-ss ion is pos-,i t iV'ei o'p'llI O~

t't tile stratins bettwee.n svnYmtric;a I iy ot'Ated IacS, G an11d ',G2 or ',C

,InthI SkC-4 iIows g oold .1, lb1 in i t i al strat in inl SGI11 aitd51 is' dill'

toI a1 sI i I"t I I o i 11.1d in1 tile' ttrentit'l t'Illsed b\' tile bO its 1101 ding theI( IL'I

k,% I I oI tile, slil0k tubeIL :I S kenlb)1' in1 1 1 pl~t-. IIiiiS intl [Ct'ateS that tii IowcrMVI

Jpol't io'ul III t ilt t loIb is 1 'arI in,, thet load IthaL1))t cI lmps t Ilt, t rcilh in1

)1 ,t., k01 iIIh is- I '0 5ii I W~lo l V SG'i' 1 aMid SG2 reg ' S t t' I-'d 1 i gi'JIr S t 1ri ills,'

I Hi >',W 1 h11it tI I> in I AIC A1t t f. -I MS, a'Ik tilt' f t St l

0, If f-l : tIll I'llI v't' I t t .1-(. us, thcit p .ik strailli oc''llred it

t , n I 1' 0111i 54:11- ILA pt'lk , ','Ir'tid It t = 0.hh 00 !s . IIlk

LTrt-Ill l I I)bt. I i 11 1) %.'. I t -FI i TI;- ti ' our IO - Str i re d I-,s I 1 1 LC IL ' ) I n

(I t, 'r to I,'VIt' t )ils t sIr I illf t o tlit' I 0l'ttk' ill1 t ill' tl ItIl I) 1 11 1 St t ' t Okt it i

comp'liress itol tet w. I per t orcuti (In t ill' t rtllII s-ct 1ito'l I iII lt 1) til pill. .
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elastic range and the force in the trench section is 23, 500 pounds,

corresponding to a stress in the trench wall of 2900 psi. This peak

force of 23,500 pounds agrees closely with the peak force on the plug

face of 22,600 pounds (a peak pressure of 800 psi times the 28.3 in.-

area of the plug face), indicating all load on the plug face was trans-

ferred to the trench. It is also of importance to note that the peak

stress in the trench of 2900 psi is well below the specified design

strength for the concrete trench, which for the various trench designs,

ranged from 6000 psi to 10,000 psi.

Two accelerometers (Al and A2) were located in the back plate of

the plug, 1.0 inch above and below the plug centerline. Figure 80 shows

the records from these accelerometers along with velocity and displacement

records obtained by numerical integration of the accelerometer records.

Although there is substantial ringing in the records, realistic velocity

and displacement records were obtained at least up through the first

positive peak (the positive direction is downstream). A peak velocity

of 50 in./s was reached at t =4.70 ms and a peak displacement of

0.030 inch was reached at t 5.40 ins. (A slight baseline correction is

necessary for Al as seen by the early time shift of the velocity and

displacement records.) The later time negative velocity and displacements

art, not as accurate as the positive peaks due to the greater effect of

smiall baseline shifts at later times.

Again, two high-speed movie cameras (Hycams) were used. Selected

Hlycam frames are shown in Figures 81 and 82. In the end view, the film

speed was 10,330 frames per second; in the side view, the film speed was

10,390 frames per second. The times presented in Figures 81 and 82 are

accurate to -0.05 ins.

The shock arrives at the solid plug face at t = 4.25 ins. By

t = 5.99 ins, a uniform roof displacement can be seen in the upstream

portion of the trench (photo pins 7 through 10, Figure 82). Photo pin

6, downstream of the plug face, yet upstream of the first rib Support,

shows a displacement similar to that of the upstream pins. No displacement

is seen in photo pins I through 5, downstream of the first rib support.
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FIGURE 80 PLUG MOTION FOR SOLID PLUG TEST 36
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FIGURE 81 HYCAM PICTURES FROM SOLID PLUG TI ST 36 J ndVi "
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t = 0 ms t 5.99 ms
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MP-6307-96

FIGURE 82 HYCAM PICTURES FROM SOLID PLUG TEST 36 (Side View)
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(The cause of the lesser displacement of photo pin 11 is not known.)

At t = 7.82 ins, venting appears along the entire upstream portion of the

trench almost simultaneously (Figure 82) . At this time, the roof at the

plug face has displaced vertically 2.4 inches and the soil downstream

of thle first rib support has displaced horizontally about one inch down-

stream, as noted by the position of the base of photo pin 5 (Figure 82).

At t = 8.04 ins, the vented gas has risen high enough to be seen in the

end view (Figure 81). Both the soil and the trench downstream of the

plug remain intact, as seen in the end view at t = 20.63 mns (Figure 81).

Figure 83 shows the displacement of the trench roof for Test 36

determined from photo pin data. The data are given for photo pins 4, 6,

7, and 9. Pins 1 through 4 showed no displacement, and pin 5 showed

only a small displacement due to soil motion since, as described below,

the trench did not fail at the location of pin 5.

Figure 84 shows a posttest photo of Test 36. After the test, the

loose soil was blown away with an air hose to expose the trench fragments

and plug for observation. The lower 180 degrees of the upstream portion

of the trench was approximately in its original position. The soil above

thle plug section of the trench was for the most part ejected during the

test. The soil behind the plug was still undisturbed, with photo pins

l and 2 still in place.

Figure 85 shows the recovered trench fragments from Test 36. A

major circumferential crack occurred at the upstream face of the eighth]

rib (the first hearing rib). Longitudinal cracks in the upstream section

of the trench extend past the face of thle plug (al igned with tile upstream

face of the ninth rib) and stop at this circumferenti!al crack. The trench

downstream of thle eighth rib was intact.

Although Test 36 was conducted at a relatively low pressure, it

demonstrated that a sol id plug can seal the trench and that the I ongi-

tudinai cracking that accompanies the trench breakup can be stopped 'It

a sealed, loaded rib. A future test at a higher pressure would he use-

ful to hound the upper limit of survival for a solid plug/trenchl System

and to determine thle mode of failure.
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FIGURE 83 PHOTO PIN DISPLACEMENT FOR SOLID PLUG TEST 36
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FIGURE 85 TRENCH FRAGMENTS RECOVERED FROM SOLID PLUG TEST 36

151



6. 3 CONCLUSIONS

The three experiments described in this section were an initial

step in the study of plug/trench interaction using scale models. The

results of these experiments suggest some conclusions regarding plug/

trench interaction.

The response in the plug tests strongly suggests that longitudinal

cracking of the trench walls is a very important phenomenon. In the

test of the simple 4-inch-long plug (Test 21), the portion of the trench

surrounding the plug cracked and expanded with the rest of the trench,

providing an open path for the high pressure gas to the back of the

short plug. This same phenomenon was seen in the leaky plug test

(Test 35) with cracks propagating past the plug base. In the solid plug

test (Test 36) the longitudinal cracks stopped at a major circumferential

crack at the upstream face of the first bearing rib, allowing the plug

to hold and seal the trench. This phenomenon of longitudinal cracking

should be considered in future plug and trench designs.

The results of the solid plug test showed that a solid plug can seA 1

the trench at a reflected pressure of at least 800 psi. The results of

the leaky plug test showed that for a 600-psi incident pressure (3600 psi

reflected) the pressure behind the leaky plug was around 300 psi. To

seal the trench at the prescribed 600-psi incident pressure design

loading a leaky plug could be connected to a solid plug using a load-

limiting, energy-absorbing material of reasonable dimensions.

152



REFERENCES

1. H. E. Lindberg et al., "Response of Reentry Vehicle-Type Shells to
Blast Loads," prepared for Lockheed Missiles and Space Company,
Sunnyvale, California, Contract AF 04(694)-655, SRI Project
FGD-5228, Stanford Research Institute, Menlo Park, California

(30 September 1965).

2. S. J. Ayala et al., "HAVE HOST T-1 Quick Look," Preliminary Report
prepared by AFWL/DEP for the Space and Missile Systems Organization

(SAMSO), Project 627A, Program Element 63305F under DNA Contract,

Subtask H35HAXSX355, Program Element 62710H (25 August 1977).

3. L. Seaman, "SRI PUFF 3 Computer Code for Stress Wave Propagation,"
prepared for Air Force Weapons Laboratory, Air Force Systems
Command, Kirtland AFB, New Mexico, Technical Report No. AFWL-TR-70-51,
Stanford Research Institute, Menlo Park, California (September 1970).

4. J. G. Jackson, Jr., Waterways Expeciment Station, Vicksburg,
Mississippi, "Recommended Calculational Properties for HAVE HOST
High-Density Backfill," letter to AFWL, Kirtland AFB, New Mexico
(7 July 1977); "Recommended Calculational Properties for HAVE HOST
Low-Density Backfill," letter to AFWL, Kirtland AFB, New Mexico

(5 April 1977).

153



Appendix A

TEST SUMMARY

I,t. I t I 1 I

155) soaLw-I

I lI[ ' iIi I1I', .Iit ti 1*-ii

I i .. i .: ...<u-

,l!i~ ,Ir I'ii 1 .1
' 

' It Ill PA

I il155 i1-I1CCID1N9 t UAIS,4WI IIUS



r r -

IFlp , , / tt ti-ti .,

"IC

i,.ii 21, Ir , t , i ] . r t ',t i .u ~ t ,n 1. , l , l ( -i t -i 
l  

i . V .. . :

15

.'. I , ! .lU2O --- it1"i-'.- -

-, t iL.t -

D i '-t t
i., Fo. , ,0iiI tt

'lirt- I,,5 t- ',

Iti.-ti!t, t,

Itt it i t,, t'. ,-i~ . - -, -

i t . -- iF,

.'- r ,t, 156,



Appendix B

DISPLACEMENT DATA

TEST 11 TRENCH EXPANSION - END VIEW

Displacement (in)

Soil Right Left
Time (s) Surface Crown Wall Invert Wall

0.000000 0.00 0.00 0.00 0.00 0.00

.001703 0.00 0.00 0.00 0.00 0.00

.002203 .03 .09 .09 .04 .13

.002504 .07 .19 .23 .17 -

.002804 .23 - .29 .26 .53

.003105 .13 .66 .48 .40 .65

.003405 .70 1.00 .59 .56 .81

.003706 1.01 1.28 .78 .78 -

.00,1006 1.36 1.58 .93 .97

.004507 2.18 - -

.005008 3.43 - -

.005308 1.64
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TEST 15 TRENCH EXPANSION - END VIEW

Di .;placement (in)

Soil Right le ft
Time (s) Surface Crown Wall Inert Wall

0.000000 0.00 0.00 0.00 0.00 0.00

.001869 0.00 0.00 0.00 0.00 0.00

.002150 .11 .05 .13 .12

.002,130 .06 .25 .07 .25 .32

.002710 .06 .,12 .10 .36 .11

.002991 .33 .59 .26 .53 .51

.003271 .52 .8t ..13 .6.1 .61

.003551 .76 1.13 .56 .77 .62

.003832 1.11 1.4I1 .59 .95 .87

.004112 1.50 1.85 .76 1.09 .90

.00,1393 2.02 2.26 .79 1.18

.00,1673 2.17 1.05 1.25
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TEST 16 TRENCH EXPANSION -END VIEW

Displacement (in)t

Soil Right Le ft
Time (s) Surface Crown Wall Invert Wiitl

0.000000 0.00 0.00 0.00 0.00 0.00

.001565 0.00 0.00 0.00 0.00 0.00

.001841 .01 .22 .17 .26 .22

.002117 .48 .55 .61 .44

.002393 .33 .94 .63 .86 .75

.002670 .91 1.08 1.22 1.09

.002946 1.83 1.50 1.48 1.26
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TEST 17 TRENCH EXPANSION - END VIEW

Displacement (in)

Soil Right Left
Time (s) Surface Crown Wall Invert Wall

0.000000 0.00 0.00 0.00 0.00 0.00

.00170.1 0.00 0.00 0.00 0.00 0.00

.00200-1 -.00 .11 .07 .12 .12

.002305 -.00 .25 .23 .29 .25

.002605 .11 .45 .38 .48 .43

.002906 .33 .70 .53 .68 .57

.003207 .62 1.06 ,70 .88 .70

.003507 1.03 1.49 .83 1.09 .86

.003808 1.55 1.99 .99 1.28 .95

.001109 2.21 2.55 1.09 1.39 1.08

.001109 1.18 1.51 1.22

.00-1710 1.6,1 1.29

.005011 1.70 1.17

005311 1.82 1.15

.005612 1.87 1.37
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TEST 17 TRENCH CROWN DISPLACEMENT -SIDE VIEW

Displacement (in)

Time (s) Pin I Pin 2 Pin 3 Pin 4 Pin 5 Pin 6

0.000000 0.00 0.00 0.00 0.00 0.00 0.00

.001905 0.00 0.00 0.00 0.00 0.00 0.00

.002190 .13 .10 .09 .08 .05 .04

.002476 .30 .26 .21 .18 .15 .11

.002762 .49 .47 .41 .35 .32 .25

.003048 .79 .74 .68 .60 .55 .51

.003333 1.18 1.11 .99 .89 .83 .75

.003619 1.61 1.52 1.38 1.26 1.17 1.12

.003905 2.14 2.02 1.85 1.68 1.55 1.50

.004190 2.77 2.62 2.38 2.18 1.99 1.98

.004476 3.22 2.94 2.65 2.51 2.55

.004762

Pin 1 - 1 inch from reflecting wall
Pin 2 - 3 inches from reflecting wall
Pin 3 - 5 inches from reflecting wall
Pin 4 -7 inches from reflecting wall
Pin 5 - 9 inches from reflecting wall
Pin 6 -11 inches from reflecting wall
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TEST 17 SOIL SUTRFACE DISPLACEMENT -SIDE VIEW

Displacement (in)

Time (s) Pin 1 Pin 2 Pin 3 Pin 4 Pin 5 Pin 6

0.000000 0.00 0.00 0.00 0.00 0.00 0.00

.001905 0.00 0.00 0.00 0.00 0.00 0.00

.002190 .00 .00 -.03 .01 -.01 .01

.002476 .14 .10 .09 .11 .05 .08

.002762 .36 .29 .24 .30 .20 .24

.003048 .63 .53 .53 .55 .39 .41

.003333 1.01 .89 .78 .82 .64 .65

.003619 1.44 1.36 1.15 1.13 .95 .92

.003905 1.96 1.83 1.59 1.51 1.33 1.32

.004190 2.42 2.17 2.00 1.83 1.82

.004476 2.57 2.50 2.52

.004762

Pin I - 1 inch from reflecting wall
Pin 2 - 3 inches from reflecting wall
Pin 3 - 5 inches from reflecting wall
Pin 4 - 7 inches from reflecting wall
Pin 5 - 9 inches from reflecting wall
Pin 6 -11 inches from reflecting wall
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TEST 18 TRENCH EXPANSION - END VIEW

Displacement (in)

Soil Right Left
Time (s) Surface Crown Wall -Invert Wall

0.000000 0.00 0.00 0.00 0.00 0.00

.001473 0.00 0.00 0.00 0.00 0.00

.001572 .00 - .01 -.04 .02 .01

.001670 .02 .08 .05 .02 .07

.001768 .02 .11 .13 .13 .15

.001866 .01 .17 .18 .23 .20

.001965 -.01 .25 .22 .28 .28

.002063 .01 .32 .32 .35 .32

.002161 .03 .38 .38 .44 .40

.002259 .10 .51 .46 .50 .45

.002358 .16 .61 .56 .60 .53

.002456 .28 .76 .65 .62

.002554 .41 .80 .69

.002652 .54 .85 .78

.002750 .76 .85 .86

.002849 .87 .98 .90

.002947 1.14 1.11 1.00
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TEST 18 TRENCH CROWN DISPLACEMENT -SIDE VIEW

Displacement (in)

Time Cs) Pin 1 Pin 2 Pin 3 Pin 4 Pin 5 Pin 6

0.000000 0.00 0.00 0.00 0.00 0.00 0.00

.001543 0.00 0.00 0.00 0.00 0.00 0.00

.001639 .02 .03 .01 .03 .04 .02

.001736 .06 .06 .03 .05 .05 .02

.001832 .10 .10 .06 .07 .07 .05

.001928 .16 .15 .10 .09 .08 .05

.002025 .23 .19 .13 .13 .13 .07

.002121 .30 .28 .20 .20 .19 .12

.002218 .40 .39 .28 .27 .23 .17

.002314 .49 .47 .36 .33 .29 .22

.002411 .61 .58 .47 .44 .38 .29

.002507 .76 .71 .58 .54 .46 .37

.002603 .91 .83 .67 .64 .55 .47

.002700 1.08 1.00 .80 .75 .66 .58

.002796 1.27 1.18 .95 .88 .78 .67

.002893 1.49 1.40 1.08 1.02 .92 .83

.002989 1.58 1.22 1.18 1.03 .94

.003086 1.38 1.35 1.17 1.11

.003182 1.52 1.30 1.24

.003278 1.43 1.40

.003375 1.59 1.57

.003471 1.77

Pin I - I inch from reflecting wall

Pin 2 - 3 inches from reflecting wall
Pin 3 - 5 inches from reflecting wall

Pin 4 - 7 inches from reflecting wall

Pin 5 - 9 inches from reflecting wall
Pin 6 -11 inches from reflecting wall
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TEST 18 SOIL SURFACE DISPLACEMENT - SIDE VIEW

Displacement (in)

Time (s) Pin I Pin 2 Pin 3 Pin 4 Pin 5 Pin 6

0.000000 0.00 0.00 0.00 0.00 0.00 0.00

.001543 0.00 0.00 0.00 0.00 0.00 0.00

.001639 -.03 .01 .01 .11 .01 -.03

.001736 .05 .01 .01 .03 .01 -. 02

.001832 -.03 -.00 .01 .06 .01

.001928 .03 .02 .02 .12 -.00 -.01

.002025 .05 .06 .07 .15 .01 -. 03

.002121 .16 .14 .14 .19 .05 0.01

.002218 .26 .22 .22 .26 .11 .12

.002314 .33 .36 .36 .29 .18 .12

.002411 .48 .43 .41 .46 .24 .241

.002507 .64 .53 .56 .32 .25

.002603 .76 .63 .68 .37 .28

.002700 .79 .78 .80 .48 .42

.002796 1.04 .92 .90 .66 .50

.002893 1.22 1.18 1.14 .79 .64

.002989 ____1.30 .94 .81

.003086 ____1.56 1.13 .97

.003182 ____1.45 1.12

.003278 ___ __ 1.341

.003375 ___ ______ 1.79

.00347 1 ___

Pin 1 - 1 inch from reflecting wall
Pin 2 - 3 inches from reflecting wall
Pin 3 - 5 inches from reflecting wall
Pin 4 - 7 inchces from reflecting wall
Pin 5 - 9 inches from reflecting wall
Pin 6 -11 inches frnm reflecting wall
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TEST 19 TRENCH EXPANSION - END VIEW

Displacement (in)

soil Right Left
Time (s) Surface Crown Wall Invert Wall

0.000000 0.00 0.00 0.00 0.00 0.00

.001382 0.00 0.00 0.00 0.00 0.00

.001481 .02 .02 .03 .02 0.00

.001579 .01 .05 .07 .07 .05

.001678 .04 .12 .10 .12 .12

.001777 .02 .17 .16 .25 .16

.001875 .01 .24 .22 .33 .23

.001974 .01 .33 .31 .42 .30

.002073 .04 .42 .37 .53 .38

.002172 .11 .53 .48 .64 .46

.002270 .20 .66 .59 .76 .55

.002369 .31 .80 .65 .83 .59

.002468 .47 .71 .94 .70

.002566 .66 .80 1.03

.002665 1.03 .88 1.15

.002764 .91 1.25

.002863 1.01 1.36

.002961 1.10 1.43

.003060 1.14 1.52
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TEST 19 TRENCH CROWN DISPLACEMENT - SIDE VIEW

Displacement (in)

Time (s) Pin 1 Pin 2 Pin 3 Pin 4 Pin 5 Pin 6

0.000000 0.00 0.00 0.00 0.00 0.00 0.00

.001517 0.00 0.00 0.00 0.00 0.00 0.00

.001612 .00 .02 .01 .01 .01 .00

.001706 .05 .04 .01 .00 .02 -.01

.001801 .08 .08 .03 .04 .04 .01

.001896 .14 .13 .07 .06 .07 .02

.001991 .22 .18 .12 .09 .09 .04

.002086 .28 .25 .19 .14 .12 .08

.002181 .39 .35 .27 .22 .18 .12

.002275 .50 .47 .37 .31 .25 .17

.002370 .63 .59 .49 .41 .35 .24

.002465 .78 .72 .60 .51 .43 .31

.002560 .96 .87 .74 .64 .54 .40

.002655 1.20 1,01 .89 .77 .65 .49

.002749 1.46 1.17 1.04 .91 .78 .62

.002844 1.70 1.32 1.21 1.08 .93 .73

.002939 1.48 1.33 1.26 1.07 .84

.003034 1.48 1.46 1.25 .94

.003129 1.67 1.40 1.06

.003223 1.85 1.50 1.20

Pin I1-1 inch from reflecting wall
Pin 2 - 3 inches from reflecting wall
Pin 3 - 5 inches from reflecting wall
Pin 4 - 7 inches from reflecting wall
Pin 5 - 9 inches from reflecting wall
Pin 6 -11 inches from reflecting wall
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TEST 19 SOIL SURFACE DISPLACEMENT - SIDE VIEW

Displacement (in)

Time (s) Pin I Pin 2 Pin 3 Pin 4 Pin 5 Pin 6

0.000000 0.00 0.00 0.00 0.00 0.00 0.00

.001517 0.00 0.00 0.00 0.00 0.00 0.00

.001612 .05 .01 .01 .00 .00 .02

.001706 .03 .01 .03 .01 -.01 .04

.001801 .03 .02 .02 .00 .03 .04

.001896 .04 .03 .05 .06 .04 .00

.001991 .10 .05 .08 .06 .06 .03

.002086 .14 .09 .09 .06 .09 .06

.002181 .24 .19 .17 1-1 .13 .05

.002275 .34 .28 .27 .22 .20 .10

.002370 .48 .39 .37 .33 .27 .18

.002465 .64 .52 .48 .43 .35 .24

.002560 .94 .69 .61 .54 .46 .35

.002655 1.28 .91 .74 .67 .57 .44

.002749 1.12 .95 .83 .70 .56

.002844 1.50 1.26 1.0, .85 .61

.002939 1.72 1.32 1.00 .79

.003034 1.05

.003129 1.39

Pin I - 1 inch from reflecting wall

Pin 2 - 3 inches from reflecting wall
Pin 3 - 5 inches from reflecting wall
Pin 4 - 7 inches from reflecting wall
Pin 5 - 9 inches from reflecting wall

Pin 6 -11 inches from reflecting wall
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TEST 20 TRENCH EXPANSION -END VIEW

Displacement (in)

Soil Right Left
Time (s) Surface Crown Wall Invert Wall

0.000000 0.00 0.00 0.00 0.00 0.00

.001460 0.00 0.00 0.00 0.00 0.00

.001557 .04 .04 .06 .08 .07

.001654 .03 .07 .12 .13 .15

.001751 .04 .12 .17 .21 .21

.001849 .09 .18 .25 .31 .27

.001946 .12 .25 .30 .41 .32

.002043 .20 .37 .35 .52 .43

.002141 .30 .48 .48 .65 .51

.002238 .41 .61 .54 .77 .59

.002335 .51 .74 .61 .66

.002433 .62 .98 .75

.002530 .80 .85

.002627 .96 .92

.002725 1.19 .98I.002822 1.35 1.00

.002919 1.58 1.09

.003016 1.81 1.16

.003114 2.12 1.23

.003211 2.36 1.28

.003308 2.58 1.34
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TEST 20 SOIL SURFACE DISPLACEMENT - SIDE VIEW

Displacement (in)

Time (s) Pin 1 Pin 2 Pin 3

0.000000 0.00 0.00 0.00

.001608 0.00 0.00 0.00

.001703 0.00 0.00 .01

.001797 .01 .02 .03

.001892 .06 .04 .06

.001987 .11 .10 .09

.002081 .21 .17 .1

.002176 .27 .22 .20

.002270 .39 .31 .27

.002365 .61 .50 .42

.002460 .75 .63 .54

.002554 .90 .76 .64

.002649 1.08 .92 .77

.002743 1.28 1.11 .93

.002838 1.49 1.32 1.07

.002933 1.74 1.62 1.29

.003027 2.03 1.94 1.53

.003122 2.34 2.34 1.82

Pin 1 - 3 inches from reflecting wall
Pin 2 - 6 inches from reflecting wall

Pin 3 - 9 inches from reflecting wall
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TEST 21 TRENCH EXPANSION -END VIEW

Displacement (in)

Soil Right Left
Time (s) Surface Crown Wall Invert Wall

0.000000 0.00 0.00 0.00 0.00 0.00

.001706 0.00 0.00 0.00 0.00 0.00

.001801 .00 .03 .02 .02 -.01

.001896 .00 .02 .03 .09 .06

.001991 .02 .04 .08 .15 .10

.002086 .02 .09 .18 .20 .17

.002180 .02 .16 .22 .28 .21

.002275 .04 .26 .30 .32 .32

.002370 .12 .35 .38 14 .36~

.002465 .15 .40 .44 .49 .51

.002559 .24 .52 .65.3

.002654 .34 .62 .61,

.002749 .47 .74

.002844 .60

.002939 .79

.003033 .94

.003128 1.14

.003223 1.37

.003318 1.54

.003413 1.79

.003507 1.99

.003602 2.27
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TEST 21 TRENCH CROWN DISPLACEMENT - SIDE VIEW

Displacement (in)

Time (s) Pin 1 Pin 2 Pin 3 Pin 4 Pin 5 Pin 6

0.000000 0.00 0.00 0.00 0.00 0.00 0.00

.001397 0.00 0.00 0.00 0.00 0.00 0.00

.001491 .01 0.00 0.00 0.00 0.00 .Go

.001584 .01 0.00 .06 .01 0.00 .03

.001677 .01 .03 .10 .03 .03 .04

.001770 0,00 .06 .16 .10 .09 .10

.001863 0.00 .10 .20 .15 .13 .14

.001956 .03 .16 .26 .22 .18 .18

.002050 .10 .24 .34 .30 .25 .24

.002143 .15 .32 .44 .42 .36 .35

.002236 .21 .41 .55 .52 .45 .43

.002329 .28 .50 .65 .62 .55 .50

.002422 .38 .63 .80 .77 .68 .63

.002515 .52 .77 .95 .92 .81 .74

.002609 .63 .91 1.11 1.08 .95 .87

.002702 .74 1.05 1.27 1.25 1.10 1.00

.002795 .88 1.21 1.47 1.44 1.24 1.13

.002888 1.03 1.41 1.66 1.65 1.41 1.27

.002981 1.21 1.59 1.86 1.85 1.56 1.42

.003074 1.40 1.80 2.09 2.08 1.74 1.57

.003168 1.56 1.97 2.31 2.28 1.92 1.74

.003261 1.79 2.20 2.55 2.53 2.12 1.96

.003354 2.00 2.41 2.78 2.75 2.31 2.15

Pin 1 - over plug (3 inches back from plug face)
Pin 2 - over plug (I inch back from plug face)
Pjn 3 - 1 inch from plug face
Pin 4 - 3 inches from plug face
Pin 5 - 5 inches from plug face

Pin 6 - 7 inches from plug face
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TEST 21 SOIL SURFACE DISPLACEMENT - SIDE VIEW

Displacement (in)

Time (s) Pin I Pin 2 Pin 3 Pin 4 Pin 5 Pin 6

0.000000 0.00 0.00 0.00 0.00 0.00 0.00

.001397 0.00 0.00 0.00 0.00 0.00 0.00

.001.191 .02 .02 .02 0.00 0.00 0.00

.001584 .03 .02 .02 .02 0.00 0.00

.001677 .03 .02 .02 .00 0.00 .03

.001770 .06 .02 .03 .03 .01 .08

.001863 .03 .01 .06 .06 .02 .13

.001956 .00 .00 .12 .15 .08 .15

.002050 .05 .06 .22 .25 .19 .2-

.002143 .10 .12 .33 39 27 30

.002236 .15 .21 .,11 .49 .35 .39

.002329 .26 .30 .47 .63 .41 .53

.002422 .37 .39 .69 .82 .59 .60

.002515 .49 .56 .79 .93 .69 71

.002609 .63 .65 1.01 1.15 .76 .82

.002702 .72 .78 1.11 1.23 .88 .97

.002795 .84 .91 1.29 1.44 1.05 1.10

.002888 .96 1.17 1.47 1.62 1.22 1.25

.002981 1.22 1.36 1.59 1.78 1.35 1.33

.003074 1.50 1.63 1.86 2.04 1.58 1.56

.003168 1.46 1.76 2.08 2.25 1.84 1.84

Pin 1 - over plug (3 inches back from plug face)

Pin 2 - over plug (I inch back from plug face)
Pin 3 - I inch from plug face

Pin 4 - 3 inches from plug face

Pin 5 - 5 inches from plug face

Pin 6 - 7 inches from plug face
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TEST 22 TRENCH EXPANSION -END VIEW4

Displacement (in)

Soil Right Left
Time (s) Surface Crown Wall Invert Wall

0.000000 0.00 0.00 0.00 0.00 0.00

.001143 0.00 0.00 0.00 0.00 0.00

.001238 0.00 0.00 0.00J 0.00 0.00

.001333 .04 .06 .01 .08 .07

.001429 .05 .15 .12 .20 .13

.001524 .05 .25 .24 .34 .29

.001619 .05 .30 .27 .46 .34

.001714 .07

.001810 .13

.001905 .24

.002000 .37

.002095 .58

.002190 .76

.002286 1.04
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TEST 22 TRENCH CROWN DISPLACEMENT -SIDE VIEW

_____Diplacmen (in)______________

Time (s) Pin 1 Pin 2 Pin 3

0.000000 0.00 0.00 0.00

.001308 0.00 0.00 0.00

.001402 0.00 0.00 .02

.001495 .03 .03 .06

.001589 .05 .03 .01

.001682 .15 .09 .08

.001776 .22 .17 .13

.001869 .34 .25 .17

.001963 .45 .32 .26

.002056 .62 .48 .41

.002150 .75 .59 .50

.002243 .93 .71 .57

.002336 1.12 .87 .74

.002430 1.33 1.06 .89

.002523 1.53 1.22 1.06

.002617 1.40 1.25

.002710 1.56 1.46

.002804 1.71

.0028q7 1.92

Pin 1 - 3 inches from reflecting wall

Pin 2 - 6 inches from reflecting wall
Pin 3 - 9 inches from reflecting wall
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TEST 22 SOIL SURFACE DISPLACEMENT -SIDE VIEW

Displacement (in)

Time (s) Pin I Pin 2 Pin 3

0.000000 0.00 0.00 0.00

.001308 0.00 0.00 0.00

.001402 .02 .01 .03

.001495 .03 .03 .03

.001589 .00 0.00 -.05

.001682 .02 .00 -.03

.001776 .07 .07 .01

.001869 .18 .12 .05

.001963 .27 .21 .08

.002056 .46 .36 .23

.002150 .59 .47 .30

.002243 .75 .58 .40

.002336 .99 .72 .46

.002430 1.24 .93 .63

.002523 1.66 1.13 .78

.002617 1.35 .95

.002710 1.65 1.18

.002804 1.45

.002897 1.72

Pin 1 - 3 inches from reflecting wall
Pin 2 - 6 inches from reflecting wall
Pin 3 - 9 inches from reflecting wall
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Appendix C

FABRICATION OF TRENCH MODELS

The Air Force Weapons Laboratory (AFWL) provided drawings of the

half-scale AFWL models from which dimensions for our 6-inch-ID (1/26-scale)

trench models were determined. Most of the expansion and venting tests

were performed using 6-inch-ID fiber-reinforced concrete trench models

fabricated without internal ribs. One expansion and venting test and two

of the plug tests were performed with fiber-reinforced concrete models

fabricated with internal ribs.

The formula used for the riber-reinforced concrete was similar to

that used by AFWL for its 13-inch-diameter model. The mixture contains

31.8% cement (by weight), 25.1% No. 20 sand, 25.1% No. 60 sand, 1.7%

steel fiber (U.S. Steel Fibercon), 16.3% water, and a trace of CFR2

(0.1%). A Type III cement was used to give a 14-day cure time. Uncon-

fined compression tests (ASTM C39-64) performed on 3-inch-diameter,

6-inch-long samples of the mixture after 14 days gave compressive

strengths between 6600 and 8400 psi (7400-psi average).

The method for fabricating the trench models without ribs was as

follows: Two coaxial thin-walled Plexiglass tubes formed the mold for

the trench wall. The tubes were held in alignment by fixtures at the

top and bottom; the end fixtures were held together with a threaded rod

down the center. The concrete was poured through openings in the top end

fixture. Since the concrete mixture was relatively dry, we found it

necessary to place the concrete mix in a vacuum chamber (approximately

30 torr) for a few minutes after pouring it into the mold to remove

trapped air bubbles. Use of a shake table to remove trapped air and

facilitate proper settling of the concrete mix was discontinued early

in the project because it tended to settle the steel fiber to the bottom

of the mold. After approximately 18 hours of curing in the mold, the
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end fixtures were removed and the Plexiglass tubes were withdrawn from

the trench in a hydraulic press. The trenches were then cured in water

for 14 days. After curing, the roof sections were sawed out. Typically,

the dimensions of the trench models were held to within '0.O0 inch.

The method of fabricating a ribbed trench model was similar.

Segmented rings were attached to the Plexiglass tubes that formed the

inside trench wall. The rings were attached using screws from the in-

side of the tube. After the concrete had cured for 18 hours, the screws
were removed and the tubes were withdrawn as before. The segmented rings

were then removed one at a time.

Our ribbed trenches were made using the alternative thin-wall design

(10-inch-thick-wall, full-scale). The baseline trench design is for a

17-inch-thick wall, full-scale. The thin-wall design specifies a 9000

to 10,000 psi concrete strength. To achieve this high strength without

sacrificing concrete fluidity, we added a fluidizing agent (Melment)

to the mix and lowered the percentage of water to 10%. This mix gave a

compressive strength of 12,500 psi, higher than desired. In future mixes,

a water content of around 13% is suggested to achieve 9000 to 10,000 psi

concrete strength.
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